Geohydrology and Limnology of
Walden Pond, Concord,
Massachusetts

By John A. Colman and Paul J. Friesz

Abstract lake surface, indicated that 45 percent of
the inflow to the lake was from precipitation
The trophic ecology and ground-water (1.215 meters per year) and 55 percent from

contributing area of Walden Pond, in Concord  ground water (1.47 meters per year). The ground-
and Lincoln, Mass., were investigated by the U.S water inflow estimate was based on the average of
Geological Survey in cooperation with the two different approaches including an isotope
Massachusetts Department of Environmental ~ mass-balance approach. Evaporation accounted
Management from April 1997 to July 2000. Bathy-for 26 percent of the outflow from the lake (0.71
metric investigation indicated that Walden Pond meters per year) whereas lake-water seepage to the
(24.88 hectares), a glacial kettle-hole lake with ~ ground-water system contributed 74 percent of
no surface inlet or outlet, has three deep areas. the outflow (1.97 meters per year). The water-
The maximum depth (30.5 meters) essentially ~ residence time of Walden Pond is approximately
was unchanged from measurements made by 5 years.

Henry David Thoreau in 1846. The ground-water Potential point sources of nutrients to
contributing area (621,000 square meters) to ground water, the Concord municipal landfill and a
Walden Pond was determined from water-table trailer park, were determined to be outside the
contours in areas of stratified glacial deposits andWalden Pond ground-water contributing area. A
from land-surface contours in areas of bedrock third source, the septic leach field for the Walden
highs. Walden Pond is a flow-through lake: Pond State Reservation facilities, was within the
Walden Pond gains water from the aquifer along ground-water contributing area. Nutrient budgets
its eastern perimeter and loses water to the aquiféor the lake indicated that nitrogen inputs

along its western perimeter. Walden Pond contrib{858 kilograms per year) were dominated (30 per-
uting area also includes Goose Pond and its cent) by plume water from the septic leach field
contributing area. A water budget calculated for and, possibly, by swimmers (34 percent). Phos-
Walden Pond, expressed as depth of water over thghorus inputs (32 kilograms per year) were
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dominated by atmospheric dry deposition, back- oxygen depletion in the hypolimnion, and
ground ground water, and estimated swimmer  decrease recycling of phosphorus from the
inputs. Swimmer inputs may represent more thansediments.

50 percent of the phosphorus load during the sum-

mer. INTRODUCTION

The septic-system plume did not contribute

phosphorus, but increased the nitrogen to phos- Walden Pond, the deepest lake in Massachusetts,
has great historical, naturalistic, and limnological sig-

phorus ratlo.for mputs.from A_'l to 59, on an atom'nificance as the lake on which Henry David Thoreau
to-atom basis. The ratio of nitrogen to phosphorugyeq from July 1845 to September 1847 and the sub-
in input loads and within the lake indicated algal ject of his well-known essay “Walden: or, Life in the
growth would be strongly phosphorus limited.  Woods” (Thoreau, 1854). Since Thoreau’s time, the
Nitrogen supply in excess of plant requirements uses of Walden Pond and environs have included a
may mitigate against nitrogen fixing organisms wood lot, an amusement park in the late 1800’s, and
including undesireable blooms of cyanobacteria. & county park after 1922. In 1975 the area was desig-
Based on areal nutrient loading, Walden Pond is Rated a Massachusetts State Reservation. Walden
mesotrophic lake. Hypolimnetic oxygen demand Pond is located 24 km west northwest of Boston

f\Walden Pond has i dsi il {ig. 1), in Concord, Mass., with a watershed that
oI Vvalden Fond has Increased since a profile wasg,, ;o nqs into Lincoln, Mass. Located in a large metro-

measured in 1939. Currently (1999), the entire  jjitan area, Walden Pond potentially may be altered
hypolimnion of Walden Pond becomes devoid of by factors common to urban development: a municipal
dissolved oxygen before fall turnover in late landfill, septic leachate from the Walden Pond State
November; whereas historical data indicated dis- Reservation bathhouse and headquarters, and high visi-
solved oxygen likely remained in the hypolimnion tor use rates. Walden Pond retains clear, generally good
during 1939. The complete depletion of dissolvedWater quality primarily because of conservation efforts
oxygen likely causes release of phosphorus fromthat pr_otect the \_/voods and shore surroundmg the lake.
the sediments.Walden Pond contains a large Questions remain whether these conservation efforts

lati fthe d ing benthi are enough to continue to maintain good water quality.
popuiation ot e deepgrowing benthic macro The cooperative investigation of the geohydrol-

algaNitella, which has been hypothesized to pro- o4y and limnology of Walden Pond by the U.S.

mote water clarity in other clear-water lakes by  Geological Survey and the Massachusetts Department
sequestering nutrients and keeping large areas obf Environmental Management was motivated by the

the sediment surface oxygenated. LosNlitélla historical significance of Walden Pond and by its
populations in other lakes has correlated with a unusual limnological characteristics: deepest natural
decline in water quality. Although thitella lake in Massachusetts, protected drainage basin, and

lack of surface inlet or outlet stream. This report docu-

, — ments present (1997-99) conditions and baseline data
appears to be controlled by nutrient availability. for Walden Pond that can be used to understand aquifer

Decreasing phosphorus inputs t_o Walden Pond, and lake water levels and water-quality conditions. The

by amounts under anthropogenic control would  gata also may be compared with data from other seep-
likely contribute to the stability of thiditella age lakes formed in glacial outwash and deltaic depos-
population in the metalimnion, may reverse its in eastern Mass., many of which are stressed by high

standing crop is large in Walden Pohutella still

2 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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Figure 1. Location and setting of Walden Pond, Concord, Massachusetts.
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use or other development pressures. The car-reflection, and fathometer data collected during the current
tographic, hydrologic, and limnologic results investigation indicate that the lake and its associated fine-
from the Walden Pond investigation are sum- grained lake sediments extend to the till and bedrock surface,
marized in a map report (Friesz and Colman, which is granite (Zen, 1983), in the deepest areas of Walden
2001), depicting the entire ground-water con- Pond (fig. 2). Fine-grained lake sediments that extend about 6 m
tributing area at relatively high resolution.  below the lake basins are approximately equal in thickness in
The authors especially are indebted each deep area.
to Ariane Mercandante (U.S. Geological
Survey) for help with field work, organiza-
tion, and database management. Michelle
Dumas and the staff at Walden Pond State
Reservation always were helpful during the
study. Also, the help of Mike Gildesgane
(Massachusetts Department of Environmental
Management) in initiating and supporting the
project is greatly appreciated.

The bathymetry of Walden Pond reflects the shape of the
original ice block and the topography of the bedrock under the
lake. Two historical bathymetric investigations by Thoreau
(1854) in the winter of 1846 and by Deevey (1942) in August
1939, were less detailed than the bathymetry mapped for this
investigation (fig. 3), which revealed a middle basin, previously
unmapped. Fathometer-measured depths in this investigation
were corrected to a common water-surface elevation of 48.27 m
above sea level. Decreased depth, by comparison with the his-
torical results (table 1), might indicate the recent rate of filling
GEOLOGIC SETTING AND in (sedimentation) of the lake; however, differences in measure-
BATHYMETRY ment techniques and unrecorded surface datums in previous

investigations make direct comparisons invalid.

Walden Pond is a kettle-hole lake,
formed at the end of the last glaciation

(Wisconsinan stage) about 15,000 years ago Table 1. Bathymetric surveys of Walden Pond, Concord, Massachusetts

by the melting of a large block of ice that [Data sources: Thoreau (1854) and Deevey (1942)cubic meter; m, meter;4nsquare
broke off from the retreating glacier. Initially =~ meter; --, no data]
resting on the bottom of glacial Lake Sud- Maximum  Mean

. Invest- Number of Area Volume denth depth
bury, the_ ice block eventually was surrounded igator measurements  (m?) m3) ( rE\) ( nlz)
by deltaic and outwash deposits (Koteff,
1963). These sorted, stratified deposits, which Thoreau.......... 75 249,800 - 311 -
now form the shore and sides of the lake, Deevey ........... 50 248,200 3,224,150 31.3 12.99
range mainly in size from fine sand to coarse This investi-
gravel (Koteff, 1964) (fig. 2). Lithologic and gation .......... 1,700 248,800 3,211,450 130.5 12.91
natural gamma logs, continuous seismic ‘Lake level altitude of 48.27 m.
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HYDROLOGY for each month, except for March and April 1999 when
one volume-weighted sample was used to represent the
The aquifer underlying and surrounding Walden 2-month period. Water samples for isotopic composi-
Pond, composed of stratified glacial deposits, is bor- tion of ground water were collected from well LVW30
dered by the Sudbury River and Concord River (fig. 1) approximately monthly from July 1998 to June 1999
Because there is no surface inlet or outlet to Walden zn( |ess frequently from wells CTW203 and LVW33
Pono!, the _Iand-sur_face area contributing. Wa_ter to the (fig. 4). These ground-water samples were collected
lake is defined by its ground-water contributing area. afier an equivalent of at least three volumes of water in
Water from precipitation infiltrates the permeable surfiyhe well casing had been removed and temperature and

cial deposits, recharges the aquifer, then flows inthe g ific conductance measurements had stabilized.
direction of decreasing water levels and discharges to @, samples for isotopic analysis were collected
surface-water body. Thus, the surface topography doeﬁ

not necessarily define the area contributing water to thglOm the surface of Walden Pond at the east end deep
lake. Along steep shoreline areas sloping towards rea (fig. 4) approximately monthly during ice-free

Walden Pond, including areas outside of the ground- periods from June 1998 0 J“T‘e. 1999. Atmospheric
water contributing area, small amounts of overland temperature and relative humidity, parameters used
flow may occur after int’ense precipitation events indirectly to calculate the atmospheric composition of

Knowledge of the land-surface area contributing evaporated water, were measured hourly by a sensor
ground water to Walden Pond can be used by water- 2.7 m above the land surface at CTW205, and recorded

resource planners in lake management. Knowledge of?Y & data logger.
the water balance of Walden Pond can improve the
understanding of lake hydrology and nutrient budget.
Water-Table Configuration and
Extent of the Ground-Water
Data-Collection Methods Contributing Area

Water levels collected at 40 monitoring wells
and 8 ponds (fig. 4) provided data on water-table
fluctuations and ground-water flow directions in the
Walden Pond vicinity. Monitoring wells were installed
for this study and in addition, other wells were presen

The altitude and configuration of the water table
in areas of stratified glacial deposits surrounding
Walden Pond on July 19, 1999, are shown in figure 4
t(modified from Friesz and Colman, 2001). Water-table
in the vicinity of the Concord municipal landfill. The contour_s were dra_wn in English ur_lits at 1-footintervals
monitoring wells were screened at or near the water €XCEPt in areas with shallow gradients, where 0.5-foot
table with the exception of CTW165, which is part of INtervals were used. All ponds were assumed to be in
the USGS long-term ground-water level network in direct hydraulic connection with the und_erlylng aquifer
Massachusetts. The altitude of the monitoring wells and represent a_s_urfgce—water expression Of_ the water
and pond-stage measuring points were surveyed to table. Total precipitation for the 12 days previous to the
determine consistent water-level measurements relatetfater-level measurements amounted to 2 mm. The
to sea-level altitude. direction of ground-water flow, shown by arrows in

Water samples for isotopic analysis were stored figure 4, can be dete.rmined in areas of s?ratified glacial
in glass bottles with polyseal caps to prevent evapora-deposits from the altitude and configuration of the
tion and were analyzed for isotopic values at a U.S. Water-table contours. In areas of bedrock highs, such as
Geological Survey laboratory in Reston, Va. Precipita-Emersons Cliff and Pine Hill, ground water flows
tion samples for isotopic analysis were collected over downslope through the overlying saturated till in the
the duration of specific precipitation events or over  direction of declining land-surface contours because
several-week periods from July 1998 to September the bedrock surface is relatively impermeable com-
1999 in a wet-fall bucket. The wet-fall bucket was partpared to surficial deposits. The boundary of the ground-
of an atmospheric deposition station (fig. 4) and was water contributing area of Walden Pond, also shown in
sealed from the atmosphere except during precipitatiofigure 4, was drawn based on the water-table contours
events. Volume-weighted bulk samples were analyzedand ground-water flow directions.

Hydrology 7



212,000 212,500 213,000

T T =
<
EXPLANATION

Concord Carlisle

High School

7] TILL AND BEDROCK—Unstippled area other
than wetland or water is stratified glacial

deposits
BUILDINGS
L d , ROADS
'?_{ GEOLOGIC SECTION
LAND USE

[ 1 Openwater

~. -~  Wetlands

[____1 Conservation
"1 Conservation and recreation

910,500
1 Concord municipal landfill
1 oOther
CONTOURS
s0— Bathymetry—Water depth in feet below water
surface
——458 — — —. Water table — Shows altitude of water table,
July 19, 1999. Dashed where inferred. Datum |y
is sea level.
—585- — - Water table—Half foot contour line
BOUNDARIES
= ee=== Waldon Pond ground-water contributing area
——..— Goose Pond ground-water contributing area
-
_____ Walden Pond State Reservation Boundary ‘s\.\ ,' @ CTW224
) i 5\ ( ©15820 :
ctw224 MONITORING WELL —Alphanumeric code is Thoreau
# 158.20 U.S. Geological Survey well number. Number Homesite
indicates altitude of water tablezDatum is sea
level
14430 SURFACE WATER SITE—Number indicates
a altitude of lake or pond surface in feet above
sea level.
——5p GENERAL DIRECTION OF GROUND-WATER “w
FLOW
910,000

——— 200

909,500F

Base map created by using TERRAMODEL and Mass GIS DTMs, 1999, Coordinates shown as 500 meter grid,

Massachusetts State Plane Projection,1983 North American Datum; 1:5,000 Executive Office of Environmental Affairs (EOEA);

Protected and Recreational Open Space data from MassGIS, 1989, Massachusetts State Plane Projection, 1983 North American Datum;
1:24,000 EOEA; Surficial Geology data from USGS,1964, Massachusetts State Plane Projection, 1983 North American Datum; 1:24,000 USGS;
Building Footprints and Roads data from towns of Concord and Lincoln, 1999 State Plane Feet, Zone 5176, 1983 North American Datum; 1:5,000

Figure 4. Altitude and configuration of the water table on July 19, 1999, extent of the ground-water contributing area, and

8 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts



213,500 214,000

910,500

NN CTW239
AN - 159.24 | ¢

7

CTW.
< TW210 P 1580

LX)
— 10
m;v}" 'T
226 59.45
0.
—
N

910,000

=] 909,500

1,000 FEET
|

[
300 METERS

bathymetry, Walden Pond, Concord, Massachusetts.

Hydrology 9



The water-table map indicates that Walden Pond Lake-derived ground water flows towards and
is a flow-through lake in which the aquifer serves as discharges into the Sudbury and Concord Rivers or to
both a recharge and discharge zone for Walden Pondwetlands and streams draining into these rivers (figs. 1
ground-water flows into the lake along its eastern and 4). Southwest of Walden Pond, between the bed-
perimeter and lake-water flows into the aquifer along rock high of Fairhaven Hill and Emersons ClIiff, ground
its western perimeter. The ground-water contributing water discharges to Heywoods Meadow and the
area for Walden Pond also includes the contributing Andromeda Ponds, which drain into the Sudbury River
area and the surface area of Goose Pond. Precipitatidny way of Fairhaven Bay. The steep water-table gradi-
that falls directly on the surface of Goose Pond and ent southwest of Walden Pond is caused by large water-
ground water from the direction of Pine Hill that enterslevel differences (14 ft) between Walden Pond and dis-
Goose Pond on its upgradient side, leaves the pond charging areas. Northwest of Walden Pond, ground
either through evaporation or as pond water that entersater discharges into an unnamed stream and wetlands
the aquifer on the downgradient sides of the pond.  draining into the Sudbury River or into the Mill Brook
Because the altitude of Goose Pond is higher than mostatershed that drains into the Concord River.
of the ground-water levels in the aquifer surrounding it,
pond water flows in a radially outward pattern from the
pond; some of this pond-derived water that enters the Ground-Water and Lake-Stage
aquifer flows west toward Walden Pond. Fluctuations

The Walden Pond ground-water contributing _ _ _
area is mainly within the Reservation Boundary and Ground-water levels in the aquifer surrounding
other conservation land except for that part of the conYValden Pond fluctuate because of seasonal and long-
tributing area that also is part of Goose Pond and its term variations in re_charge to the aquifer from precipi-
contributing area. Depending on subsurface transport fation. Water levels in Walden Pond also fluctuate
processes, the Reservation septic leach field and the Seasonally and over the long-term because inflows
leach fields from residences on privately owned land @nd outflows to the lake vary. Hydrographs from the
located in the contributing area east of Walden Pond 10ng-term network well CTW165 and from Walden
are potential source of nutrients to the lake (fig. 4). Pond, along with precipitation amounts, are shown
Ground water in the Reservation septic leach field areH figures 5 and 6 to illustrate these seasonal and
flows westward toward the eastern shore of Walden long-term fluctuations.

Pond. Leach fields from houses in the contributing area Water levels in well CTW165, located about

are located in areas where ground water flows towardgd00 m north of Walden Pond near the intersection of
Walden Pond directly or indirectly through Goose Routes 2 and 126, have been measured periodically
Pond. Ground water in the southeastern part of Waldesince February 1965. CTW165 consists of a 0.6 m
Pond contributing area generally flows northwest fromscreen about 8 m below the water table in an area
till-covered bedrock highs, Emersons Cliff and Pine where the unsaturated zone is about 12 m thick; water-
Hill. Most of the ground water from till-covered areas level fluctuations at this well are assumed to be similar
probably enters the stratified glacial deposits before to water levels in wells screened at the water table.
discharging to Walden Pond. Northeast of Walden Mean ground-water-level altitude for the period of
Pond, the Concord municipal landfill and the trailer  record is 48.12 m. The stage of Walden Pond was mea-
park are located on the north side of a ground-water sured during this study and historical stage data were
divide; ground water north of the divide flows gener- available from water levels collected by Walden Pond
ally northward away from Walden Pond toward Fairy- State Reservation staff in 1956 and from 1959 to 1971
land Pond and Mill Brook, a tributary to the Concord (Walker, 1971). Precipitation data for part of 1957 and
River (fig. 1). North of Walden Pond near well from 1958 to 1999 are from a National Oceanic and
CTW212, a localized ground-water high is present. ~ Atmospheric Administration (NOAA) climatological

The high may result because of the increased water station in Bedford, Mass., 5 km northeast of the study
levels resulting from a decrease in flow in the fine-  area, whereas precipitation data from 1953 to 1956 and
grained sediments in this area, thinner sediments tharpart of 1957 are from the NOAA climatological station
the surrounding area, or both. in Framingham, Mass, about 14 km south of the study

10 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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area (U.S. Department of Commerce, National Oceaniground-water discharge; therefore, water is added to

and Atmospheric Administration, 1995-99; Hydro-

aquifer storage. From summer through winter, water

sphere Data Products, 1995). The mean annual precipevels decline because ground-water discharge exceeds
tation over the ground-water contributing area from  recharge and water is released from aquifer storage.
1960 to 1999 is 1.151 m. Water is available to recharge the aquifer after the soil
The hydrograph from CTW165 (fig. 6) indicates, moisture deficit has been satisfied in autumn and before
in general, that water levels rise from winter through late spring when evapotranspiration exceeds precipita-
early summer when recharge to the aquifer exceeds tion. The annual cycle of water-level rises and declines

Hydrology 11
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lag climatic conditions because of the transit time for in early 1967 after 4 successive years of below average
precipitation to recharge the water table through the precipitation; cumulative precipitation deficiency from
unsaturated zone and because of storage in the aquif@¢Q63 to 1966, amounting to about 1.17 m, caused this

Water levels from Walden Pond show a fluctua- depletion in storage. Two periods of relatively high
tion pattern that is similar to the ground-water water-level altitudes occurred in 1956 and 1984. The

hydrograph for the common years of data because thdlighest recorded altitude of Walden Pond of 49.8 m in
lake is hydraulically connected to the surrounding 1956 resulted from 4 successive years of above average
aquifer. The magnitude of fluctuations in Walden PondPrecipitation. The highest recorded ground-water alti-
are less than the aquifer, however, because the lake tude of 49.91 min 1984 was due to 2 years of above
has proportionally greater storage capacity than the average precipitation following 2 years of near normal

aquifer. Water levels in the lake rise when inflows fromprecipitation. Water levels fluctuated over a range of
ground water and precipitation exceed outflow to about 3.5 m for the perlod of record from 1956 to 1999.

ground water and evaporation; water levels decline Water-level altitude in CTW165 and of Walden
when these outflows exceed inflows. Pond, measured on July 19, 1999, to prepare the water-

Long-term variations in water levels, reflective of table map, are shown in figure 5. The ground-water
long-term storage changes in the aquifer and Walden altitude was 48.29 m, which is 0.17 m above the long-
Pond, also are evident from the hydrographs (fig. 5). term average and indicates that the water-table map in
The lowest water-level altitude for the period of record,figure 4 is representative of near-normal water-table
46.38 m at CTW165 and 46.34 m at Walden Pond, wasonditions. In the eastern half of Massachusetts,

12 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts



ground-water levels and streamflows generally were Precipitation and Evaporation

below normal from autumn 1998 to late summer 1999 o

(Socolow and others, 2000). Water levels in Walden The average annual precipitation on Walden
Pond and its contributing area, however, were at or Pond and su_rrogndlng area during 1995-99 was
above-average levels because of the large quantity ofl'215 m, which is 0.064 m above the 40-year long-term

. average. Annual precipitation during this 5-year period
water in storage and pecause of the low outflow rates ranged from 0.147 m below to 0.404 m above long-
from the lake and aquifer.

term average annual precipitation. An average annual
evaporation of 0.71 m from the lake surface was esti-
mated using regional-scale rates from Farnsworth and
Water Balance others (1982), which were based on pan evaporation
and pan coefficient measurements.

A water balance is determined by measuring or
estimating the inflows and outflows to a lake and the ..\~ d_water Inflow
change, if any, in lake-volume storadsS). Water

enters the lake from precipitatioR)(that falls directly The ground-water inflow rate to Walden Pond
on the lake surface and from ground water upgradientwas determined by using contributing-area and isotope
of the lake (ground-water inflol W ). Water dis- mass-balance approaches. Quantifying ground-water

charges from the lake through evaporatinfom the  inflow with the contributing-area approach requires
lake surface and from lake-water seepage to the aquiféhowledge of the recharge rate and the size of the con-

(ground-water outflowGWe). Thus, the water-balance tributing area where gr_ound water flows directly t(_)
equation for a lake, similar to Walden Pond, without V@lden Pond. In addition, because Goose Pond is

surface inflows and outflows can be expressed as W“h"? the contrib_uting area, the quantity of ponc_l water
entering the aquifer from Goose Pond and flowing as
ground water to Walden Pond must be considered. An
AS=P +GW -E-GW, , (1) assumption of the contributing-area approach is that no
upgradient ground water flows beneath or by-passes the
lake because deep areas of the lake extend to the till

with values expressed in consistent units of either 4 badrock surface.

volumetric flow rates or linear units. _ .
The isotope mass-balance approach is based on

The water balance for Walden Pond was definedsiape isotopes of oxygen and hydrogen that naturally
based on average annual conditions during the 5-yeargre present in water. Inflows and outflows to a lake, and
period 1995-99. Preliminary water-balance calcula-  the lake water can have different isotopic signatures;
tions indicated that the water-residence time of Waldenhese isotopic differences, along with precipitation and
Pond was approximately 5 years; therefore, inflows evaporation rates, can be used to determine ground-
and outflows to the lake should be reflective of the cli-water inflow to a lake using a technique described by
matic conditions during this period. There was no ~ Krabbenhoft and others (1990). This technique has

change in long-term lake storage during 1995-99 basdgeen used successfully in climatic conditions of the

on the ground-water hydrograph at CTW165 (fig. 6). Midwest (Krabbenhoft and others,_ 1990; LaBaugh and
Precipitation, ground-water inflow, and evaporation others,1997) and the southern United States (Sacks and

were determined from both site-specific and regional ?g?%?;}%gﬁ )a:-geelr?%(;l?lsc dcgcmggsi:?zgltogxygen
data, whereas ground-water outflow was calculated ydrog

indirectl dual of th bal f notation and reported in parts-per-thousand (per mil)
Indirectly as a residual of the water balance. Inflow ¢ |54ive t0 Vienna Standard Mean Ocean Water

and outflow values are approximate because of uncer(\.sMOoW). Laboratory precision of the oxygen and
tainties in the water-balance components, which can hydrogen isotope results is 0.2 and +2 per mil, respec-
be attributed to measurement errors and the use of indively, at the 95-percent confidence interval (Tyler

rect calculations and regional data for site-specific ~ Coplen, U.S. Geological Survey, written commun.,
purposes, among other factors (Winter, 1981). 1999).

Hydrology 13



Contributing-Area Approach lake-surface area, 249,00@)riThe ground-water

Recharge to ground water was estimated basedcontribution from G_oose Pond is 6 percent of this
on mean annual runoff from watersheds drained by total ground-water inflow.
streams. Annual runoff, equivalent to precipitation
minus evapotranspiration over the watershed, provides Isotope Mass-Balance Approach
an estimate of maximum water available for recharge The isotope mass-balance approach combines
to ground water. Because the Walden Pond WaterShGQhe water-balance equation (equation 1) with an
lacks surface-water drainage, all water available to  jsotopic mass-balance equation
recharge the ground water should infiltrate the perme-
able surficial deposits. Randall (1996) constructed lines

of equal mean annual runoff for the glaciated Northeast A1) = P(Sp) + GW(Scwi) - E(3E)
United States based on record from streamflow-gaging GW. (5 2
stations over the 30-year period, 1951-80; annual - GWo (dowa (2)

runoff averaged 0.58 m (depth of water over a water- . .
shed) when precipitation averaged 1.12 m. WatershedWhelreASO’Ig' %WéE’ anng\él\b have ?ﬁer.' d?f'n.ed previ-
studies that have compared precipitation and runoff ©US"Y @NdOL, O, OGwi, O, dewoare the ISolopic com-

have found that annual evapotranspiration rates are npsttion ofdthe lake, p(rjeupltat(ljon, groundf—lwater inflow,
greatly affected by variations in annual precipitation evaporated water, and ground-water outflow, respec-

(Lyford and Cohen, 1988); therefore, for this study, tive]y. This apprpach assumes that the lake .is at hydro—
the recharge estimate was increased by 0.10 m to logic and isotopic steady-state and that the isotopic

0.68 m to account for the increased average precipitaOMPOsition of ground-water outflow is equivalent to
tion during the 1995-99 period. The ground-water the isotopic composition of a well-mixed lake. Because

contributing area of Walden Pond that is not part of the water-balance equation is rearranged to solve for

Goose Pond, 463,000%mwas multiplied by the ground-water outflow and then substituted into the iso-
recharge value resulting in a ground-water inflow ~ {OPIC mass-balance equation, this component of the
value of 315,000 Riyr. outflow drops out and, thus, does not need to be calcu-

The ground-water contribution to Walden Pond lated directly. The isotopic mass-balance approach for
from Goose Pond for 1995-99 was determined by a & lake without surface-water inflow and outflow to
water-balance analysis. Precipitation falling directly ondetermine ground-water inflow is expressed as
Goose Pond, which has a s@urface area of 46,600 m (Krabbenhoft and others, 1990)
was computed to be 56,00C/yr. Ground-water
inflow from the contributing area of Goose Pond, GW, = P(0, —0p) + E(% -9
which covers an area of 112,008, was calculated to 5Gw1 -0
be 76,000 rifyr. Evaporation from the pond surface
was equal to 33,000yr. The average annual ground- where all parameters are defined previously. Average
water outflow from Goose Pond of 99,008/yn was isotope values from water samples collected from
determined by balancing the water budget on the basiduly 1998 to June 1999 were assumed to represent
of the above values. Because about 20 percent of thethe average isotopic values for the 5-year period of
outflow perimeter of Goose Pond lies within the con- 1995-99.
tributing area of Walden Pond, 20 percent of the aver- The temporal distribution of the isotopic compo-
age annual ground-water outflow from Goose Pond, osition of precipitation, ground-water inflow, and lake
20,000 n3lyr, was assumed to flow toward Walden water are illustrated usir®} 20 (fig. 7). ThedD results

: 3)

Pond. have similar temporal trends and these values are listed
The average annual ground-water inflow to in appendix A. Thé&180 of precipitation varied season-
Walden Pond totals 335,000%yr or, expressed as ally ranging from -11.2 in December 1998 to -3.26 in
depth of water over the lake surface, 1.35 m/yr July 1999. This seasonal variation in isotopic composi-
(volumetric flow rate, 335,000 #yr, divided by tion of precipitation is due primarily to changes in

14 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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MONTHLY PRECIPITATION, IN METERS

1998

1.5

1999

EXPLANATION

MONTHLY PRECIPITATION
AMOUNTS

—+— PRECIPITATION
GROUND-WATER—Well LVYW30

—_—

Figure 7. Temporal variation in delta oxygen-18 of precipitation

—@— GROUND-WATER—Well CTW203
---0--- GROUND-WATER—Well LVW33
—4A— LAKE WATER

, ground-water inflow, and lake water, Walden Pond,

Concord, Massachusetts, and monthly precipitation amounts, Bedford, Massachusetts, June 1998 to September 1999.

atmospheric temperature (Gat, 1980). Volume-
weighted averages for the period July 1998 to June
1999 were -7.54 fob!80 and -42.8 foBD. Isotopic
composition of ground-water inflow varied little spa-
tially and temporally. Average values from LVW30,
-9.35 ford180 and -58.7 fobD, were used to represent
the isotopic composition of ground-water inflow to
Walden Pond. The average annual isotopic compositio
of ground water has lower values¥H0O and3D com-

enriches the lake water in oxygen-di&d deuterium
compared to precipitation and ground-water inflow.
The 8180 of lake water ranged from -4.14 to -3.61,
which indicated minimal seasonal variation in the iso-
topic composition of the lake, as is typical of deep
surface-water bodies with relatively long water-
hesidence times (Dincer, 1968). The variation in the
Isotopic composition of lake surface water that was

pared to the average annual isotopic composition of Present probably results because of the seasonal varia-
precipitation because precipitation recharges the aquition in evaporation rates and the seasonal variation in
fer primarily from autumn to spring, when atmosphericthe isotopic composition of precipitation. The average
temperature is low. Evaporation from the lake surface isotopic compaosition of the lake water based on

Hydrology 15



December 1998 and March 1999 isotope values, whethe calculation. The isotopic composition of ground-

Walden Pond was thermally and chemically mixed,
was -3.94 fod'80 and -34.4 fodD.

Values of5180 anddD of ground-water inflow,
lake water, and rainfall-dominated precipitation sam-
ples, excluding the precipitation sample from July
1999, which may have been affected by evaporation,
are shown in figure 8. The local meteoric water line
(LMWL), determined from the rainfall-dominated
precipitation samples, is defined by the regression

equation

3D = 7.2180 + 8.52 (n=11; R=0.96).

This LMWL differs from the Global Meteoric Water
Line (GMWL) of 3D = 85180 + 10 probably because

water inflow plots along this LMWL, indicating that
water recharging the aquifer was unaffected by
evaporation. Lake water, which has been affected by
evaporation, plots to the right of the LMWL because
evaporation causes an increased enrichme3iear
relative todD in the lake water. An evaporation line of
less steep slope than the LMWL was drawn from the
midpoint between the average annual isotopic
composition of precipitation and ground-water inflow,
and through the lake samples. The midpoint between
the source waters was used because, as explained in a
subsequent section of this report, about 50 percent of
the inflows to the lake are from each of these sources.
This evaporation line indicates the isotopic evolution of
lake water from its source waters (Krabbenhoft and

of the limited number and range of data points used irothers, 1990).

-30 +

-50 +

-60

DELTA DEUTERIUM, IN PER MIL

Local meteoric water line

+ PRECIPITATION
© GROUND-WATER INFLOW -

/A LAKE WATER

-11

-10

-9

-8

-7 -6 5 -4 -3 -2

DELTA OXYGEN-18, IN PER MIL

Figure 8. Relation between delta oxygen-18 and delta deuterium in precipitation, ground-water inflow, and lake
water, Walden Pond, Concord, Massachusetts, June 1998 to September 1999.
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The isotopic composition of evaporated lake Average Ground-Water Inflow
water was calculated indirectly based on an equation
derived by Craig and Gorden (1965)

Ground-water inflow calculated on the basis of
the contributing-area approach was 1.35 m/yr. Ground-
o —ho. —¢ water inflow determined on the basis of the isotope
O = — Lt A (4) mass-balance approach was 1.59 m/yr. A ground-water
1-h+0.001Ae inflow value of 1.47 m/yr (366,0003yr), based on
wheredg andd, have been defined previously ads the average of the contributing-area and isotope mass-
the isotopic composition of atmospheric moistires ~ balance approaches, was used in the water-balance
relative humidity normalized to the temperature of the analysis for Walden Pond.
lake surface waten* is the equilibrium fractionation
factor at the temperature of the air-water interface ~ Water-Balance Results
defined by Majoube (1971)¢ is the kinetic fraction-
ation factor estimated as 14.3t{Lland 12.4 (1h) for
5180 and3D, respectively (Gilath and Gonfiantini,
1983), in units of per mil; anglis the total fraction-
ation factor equivalent to 1,000 (bx*) + Ag, in units

Average annual inflow to Walden Pond for the
5-year period 1995-99, from precipitation and ground
water, totaled about 2.68 m/yr (667,008/ym). The
water-residence time for the lake, calculated by divid-

of per mil. The isotopic composition of atmospheric ing the volume of the lake by the total inflow rate, was
moisture was not measured directly as part of this 4.8 years. A summary of the average anngal water bal-
investigation; however, this parameter can be estimate@Nc€ 1S shown graphically in figure 9 partitioned on the
by assuming it is in isotopic equilibrium with precipita- °2SiS of the magnitude of inflow and outflow compo-
tion. Krabbenhoft and others (1990) measured this nents. Precipitation on the lake surface accounted for
parameter in their lake study and found that seasonal @P0ut 45 percent of the inflow, whereas ground-water
variation in the isotopic composition of atmospheric  Inflow contributed about 55 percent of the inflow.
moisture parallels that of precipitation for most of the
year with the poorest agreement during the warmest
months of July and August. They also determined

that most of the uncertainty in the isotope mass-
balance approach from their lake study was due to
the uncertainties idg and evaporation.

Monthly average values of the isotopic composi-
tion of evaporated water were calculated for ice-free
months with equation 4; an annual volume-weighted
average was then determined based on estimated
monthly evaporation rates. The monthly average values

GROUND-
WATER
OUTFLOW
(74%)

GROUND-

used to calculate th#-80 of evaporated water are WATER
shown in table 2. The volume-weighted average for 'NF'—(?W EVAPO-
the July 1998 to June 1999 period was -23.360 (55%) RATION

and -98.4 foldD.

Ground-water inflow calculated with equation 3
resulted in 1.73 m/yr fo580 and 1.45 m/yr fodD,
which compare favorably to the estimate based on the
contributing-area approach. An average of 1.59 m/yr Figure 9. Average annual water balance, Walden
was calculated for th&'80 andaD values. Pond, Concord, Massachusetts.

(26%)
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Table 2. Monthly average values used to calculate the delta oxygen-18 of evaporated water, Walden Pond, Concord, Massachusetts

[Temperature—Lake: Monthly or average of bimonthly temperature measurements of lake-surface water; March 1999 estimated from Maechpg&88ire—Air: July and August 1998 estimated
from July and August 199®elative humidity: Normalized to the temperature of the lake-surface wateiopic composition of lake water:May 1999 is an average of April and June 1999.
Evaporation: Average annual evaporation, distributed monthly is appoximated from the percentage of annual evaporation each montfake Miear Hampshire, calculated for 1990-95 and
1997-98 (Mirror Lake data provided by Donald Rosenberry, U.S. Geological Survey, written commun., 2000). °C, degreé#\Cstsiogic composition of atmospheric moistu3g; isotopic compo-
sition of precipitation; --, not applicable]

Temperature Isotopic

o A Kinetic Total Isotopic Equilibrium - Isotopic Isotopic

C) . Equilibrium : . . . . composition : L
Relative . fraction- fraction- composition fractionation composi- composition .

_— . fraction- . . . of atmo- . Evaporation
Date humidity ; ation ation of precip- factor . tion of of evapo-
. ation L spheric (meters)
Lake Air (fraction) factor factor factor itation between moisture lake water  rated water
(per mil)  (per mil) (per mil) OP and 6A . (per mil) (per mil)
(per mil)
July 1998................ 26.8 23.6 0.614 0.99086 5.52 14.66 -6.55 9.22 -15.8 -4.14 -23.2 0.15
August 1998 ........... 25.8 21.0 .573 .99078 6.11 15.33 -5.33 9.31 -14.6 -3.61 -24.3 12
September 1998...... 22.8 18.2 .570 .99053 6.15 15.62 -7.87 9.56 -17.4 -3.78 -21.6 .10
October 1998.......... 15.8 11.0 .551 .98994 6.42 16.48 -7.25 10.16 -17.4 -3.77 -23.3 .06
November 1998...... 9.4 5.3 .555 .98935 6.36 17.01 -7.46 10.76 -18.2 -3.84 -23.7 .02
December 1998...... 5.8 2.4 .547 .98901 6.48 17.47 -11.2 11.11 -22.3 -3.85 -19.7 .01
January 1999.......... -- -3.0 -- -- -- -- -- -- -- -- -- --
February 1999........ -- -2 -- -- -- -- -- -- -- -- -- --

March 1999 ............ 4.3 3.2 .598 .98886 5.75 16.89 -8.16 11.27 -19.4 -4.04 -22.7 .01
April 1999 9.1 .519 .98946 6.88 17.42 -8.16 10.65 -18.8 -4.03 -23.9 .04
May 1999............... 17.6 14.9 .603 .99010 5.68 15.58 -5.31 10.00 -15.3 -3.86 -25.2 .08
June 1999............... 23.2 21.2 .612 .99057 5.55 14.98 -6.42 9.52 -15.9 -3.68 -22.5 12

Annual volume-weighted average of the isotopic composition of evaporated water (Per MIl) ...........ueiiii it e e e e e e e nnneee e P2 303




Outflow from the lake because of evaporation from thdakes. Values for other nutrient budget components
lake surface accounted for 26 percent of the outflow. were taken directly or modified from Baystate Environ-
Ground-water outflow (1.97 m/yr), calculated as the mental (1995).

residual value of the water-balance equation, accounted

for 74 percent. Ground water is the dominant pathwayGround-Water Nutrient

into and out of Walden Pond. Inputs

Ground-water nutrient inputs were divided into
LIMNOLOGY point-source and background contributions. Depending
on geochemical conditions in the aquifer, estimates
The primary public concern for Walden Pond  of inputs from these sources can be determined from
relates to the trophic (nutritional) ecology of the lake—the product of ground-water flow and measured
whether urban development or high public use at the concentrations of nutrients.
Walden Pond State Reservation may have altered or
will alter the relation between plant nutrient supplies Sampling and Analytical
and plant growth in the lake. Plant nutrient supplies, Methods for Ground Water
especially of growth-limiting nitrogen (N) and phos-
phorug (P.)’ are key water-q_uality feature_s of ketﬂe'l"’lk‘?Nater were determined by sampling 12 monitoring
investigations because nutrients determine the type a’WeIIs open to the water table and 2 deeper wells,

guantity of lake biomass production, and plant growth,CTW 213 and CTW 214 (30.5 and 32.9 m, respec-

in turn, affects water clarity and controls the amount of.. .
summer dissolved oxygen (DO) present in the deep tively, below ground surface) (fig. 10). The deeper well

o . ; . - was screened 19 m below the water table. Wells were
water. In addition, cycling of natural bioactive chemi-

| tituents of th ter is affected by plant cased with PVC and 1.5-m screens were installed,
cal constituents of the water IS aftected by piant pro- appropriate for sampling for nutrients, major ions, iron
duction as is, to a degree, cycling of bioconcentrating

pollutants like polychlorinated biphenyls and mercury. (Fe), and manganese (Mn) (Lapham and others, 1995).

; ; Additional information on ground-water quality was
Trophic ecology, in turn, depends on hydrogeology— . .0 ‘oo steel, temporary-drive-point wells

sources, amounts, a_nd cycling of water, and on Chem'focated along the beach within the ground-water
cal constituents carried by the water. The geohydro- contributing zone (fig. 10).

logic appraisal of Walden Pond limnology developed in Water quality was monitored in wells monthly

this report leads to a determination of the ecological during November 1998 to September 1999. Samples
trophic state of the lake and to assessments of past lected after bumping at least three well vol-
and potential future ecological changes. were cotlec pumping .
umes and after conductance stabilized. Whole-water
samples were collected first, followed by dissolved
External Inputs samples, which were collected using an in-line Gelman
cartridge filter (0.4um pore size). During the March
Sources and amounts of water that enter Walder1999 sampling, four wells (CTW 213, 214, 205 and
Pond were described in the “Hydrology” section of this216) were packed off above the well screen using a
report. In the “Limnology” section, estimates are madeKeck pump and packer to avoid contamination with
of the chemical constituents contained in the water andtmospheric oxygen. After packing, wells were
of the constituent fluxes represented by flow of water pumped from 2 to 4 L/min, and DO, pH, and conduc-

Chemical-constituent concentrations in ground

into Walden Pond. Sources of nutrient inputs for tance were monitored with a flow-through cell, until

Walden Pond, which lacks a stream input, are ground stable values were obtained.

water, atmospheric deposition, avian, stocked fish, In October 1999, the 19 temporary drive-point

swimmers, and direct runoff from parking-lot and roadwells (0.76 m below lake water level) were installed in

pavement. shallow water (0.3 m) and sampled once at intervals
Nutrient inputs for Walden Pond were estimated along most of the shore bordering the contributing area

recently by Baystate Environmental (1995). The of Walden Pond (fig. 10). The samples were referenced

present investigation remeasured ground-water and as “beach-perimeter samples.” Before sampling, the
atmospheric-deposition inputs, which are important drive-point wells were flushed for more than three
particularly for nutrient budgets of kettle-hole seepagecasing volumes using a peristaltic tubing pump.
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Figure 10. Specific conductance, nitrate concentrations, and estimated extent of the septic-system plume, in the area of
the Walden Pond State Reservation septic leach field, Concord, Massachusetts.
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Samples were collected by pumping directly to sampleN species will be oxidized to nitrate (NQor reduced
bottles, for whole-water samples, or through a capsuléo ammonium (Ni*), or whether Fe will form the
filter, for dissolved samples. In December 1998, two reduced, soluble ferrous ion (¥ Determination
drive-point wells were installed in shallow water where of these forms for N is important because anions are
contaminated ground water was thought to discharge tmore nearly conserved in transport than are cations,
Walden Pond (fig. 10). Samples from these wells wereand for Fe because Heprecipitates in the presence
obtained at 0.76 m intervals below the lake-water sur-of oxygen—during discharge at the sediment-water
face elevation continuing down to a depth of 4.6 m.  nterface—and the hydrous ferric oxide formed can
These samples were referenced as “beach-depth sorb or coprecipitate phosphate ¢¥P(Ryden and
samples.” others, 1987).

With the exception of samples obtained for P Geochemical conditions of the aquifer were
analysis, total and dissolved samples were preserved |(§1 termined b lecti ¢ I fq Ker- i
the field according to methods of Fishman (1989) and clermined by collection of samples 1rom packer-sam

shipped to the U.S. Geological Survey National WaterpIeOI wells, where chgnges in samples during sampling
Quality Laboratory for analysis. N, major ions, Fe, andC"Jlused by contact with atmospheric oxygen would be

Mn were analyzed according to U.S. Geological eliminated. The well site_s selectet_:l fc_)r packer sampling
Survey methods (Fishman, 1989). Care was taken with'ére chosen on the basis of pr_OX|m|ty to areas of the
P samples to minimize contamination during sampling 29Uifer that might be most subject to reduced condi-
Procedures included use of acid-rinsed polyethylene tlon_s if those conditions d!d exist. DO can be removed
bottles, use of plastic gloves during sampling, and  during ground-water flow in long, deep flow paths
transport of sample bottles in clean plastic bags. P sarfPeSimone and others,1995) and in flow paths where

ples were preserved with ultra-pure, concentrated sul-Cr9anic carbon, such as might be present in septic
furic acid, 20 drops acid (1 mL) dispensed from a leachate, has been discharged (Walter and others,
teflon dropping bottle per 250 mL sample (Stauffer, 1996). Selected were the two deep wells, CTW 213 and

1983). In the laboratory, filtered and whole-water samCTW 214, and two wells open to the water table near

ples were digested using potassium persulfate (Menzéhe Walden State Re_servation septic leach field, CTW
and Corwin, 1965) and analyzed by the phosphomo- 203 and CTW 216 (fig. 10).
lybdate method (Strickland and Parsons, 1968, as mod-  The four packer-wells sampled in March 1999

ified by Stauffer, 1983.) Digested whole-water and  were aerobic; DO concentrations ranged from 7.0 to
filtered sample results were reported as total phospho10.7 mg/L (table 3). Redox sensitive constituents, such
rus and total dissolved phosphorus, respectively. Withas N, Fe, and Mn, sampled for in these four as well as
the use of the methods and procedures described aboyg nine other wells (table 3) also indicated that oxidiz-
a detection limit of Jug P/L was achieved. Analysis of jng conditions prevailed as indicated by the presence of
two 25ug P/L USGS standard-reference water sample§yOg, rather than Nif, and low concentrations of dis-

were within 1ug P/L of the standard value. solved Fe (below detection limit of 1@/L in all wells
but two, with 150 and 200g/L). Only concentrations
Geochemical Conditions in the of dissolved Mn (4.2—-1,000g/L) gave an indication of
Aquifer reducing conditions.
Determination of nutrient speciation and The results described above indicate that ground

geochemical environment of the ground water was anwater in the aquifer was aerobic and ground-water
investigative priority in addition to determination of  transport of N would be as NOwhich moves conser-
nutrient content of the ground water. Speciation and vatively, that is, without loss. Fe and P would not
geochemical conditions affect nutrient conservation co-precipitate during passage through the interface,
during ground-water transport through the aquifer because Fe concentrations were too low to affect P.
and during crossing of the sediment-water interface  Nutrient loads from the aquifer to the lake, then can
at discharge to the lake. In particular, the presence or be determined by the product of dissolved-nutrient
absence of DO in the aquifer may determine whether concentration and ground-water discharge.
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Table 3. Ground-water quality constituents that indicate geochemical conditions in the aquifer of Walden Pond, Concord and Lincoln, Massachusetts

[No., number; °C, degrees CelsipgyL, microgram per literiS/cm, microsiemens per centimeter; mg/L, milligram per liter; <, actual value is less than value shown; --, not measured]

Specific

Field Water . . . . . Sulfate,
conduc- . Calcium, Magnesium, Potassium, Sodium, Alkalinity .
Local . . pH temper- Dissolved . . . dissolved
. o Station No. Date Time tance dissolved dissolved dissolved dissolved (mg/L
identifier (standard  ature oxygen (mg/L
(uS/cm at . o (mg/L) (mg/L) (mg/L) (mg/L) as CaCOg)
25°C) units) (°C) as SOy)
PACKER-SAMPLED WELLS
CTW 213 4226270711959023-23-99 1225 33 6.1 9.3 8.8 25 0.75 11 2.1 6 3.0
CTW 214 4226270711959033-23-99 1120 49 6.0 9.7 7.0 4.4 1.3 2.3 5.3 15 5.0
CTW 203 4226220711959013-24-99 0820 124 5.9 8.7 8.9 9.8 2.0 11 8.6 8 11
CTW 216 4226260711959013-24-99 1020 371 5.5 9.3 10.7 24 3.9 21 23 7 18
SAMPLED WITHOUT PACKER
CTW 244 4226250711959013-24-99 1138 537 53 - - 37 6.2 24 26 5 6.3
CTW 205 4226270711959013-24-99 1455 132 5.8 - - 8.6 1.6 1.7 13 12 15
CTW 205 4226270711959018-19-98 1330 436 54 - - 37 6.8 4.4 24 - 4.3
CTW 217 4226270711959043-24-99 1259 165 51 9.6 - 9.8 3.1 2.2 9.0 3 1.5
CTW 218 4226280711958013-24-99 1325 176 5.7 10.5 - 13 2.2 6.9 8.7 10 7.7
LVW 30 4226160712003013-24-99 0920 124 5.8 8.8 -- 3.0 .88 .62 18 8 9.5
CTW 204 4226270711957013-24-99 1400 58 6.5 9.5 - 4.2 .88 .57 4.4 10 7.4
CTW 206 4226260712004013-24-99 1430 77 6.1 - 55 1.0 1.4 6.4 12 2.8
LVW 33 4226130712012013-24-99 1540 60 5.9 8.5 - 2.2 .55 .35 8.1 5 6.7
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Table 3. Ground-water quality constituents that indicate geochemical conditions in the aquifer of Walden Pond, Concord and Lincoln, Massachusetts—Continued

Phos-
Local |  cnloride, - Fuoride, ool ARROOR N e ot o won, NEEE R
. o Station No. Date Time dissolved dissolved ; . dissolved total .
identifier (mg/L) (mg/L) (mg/L (mg/Las dissolved dissolved (g/L) (g/L) dissolved total
as SiOy) N) (mg/L as N) (mg/L as (ng/L) (na/L)
P)
PACKER-SAMPLED WELLS
CTW 213 4226270711959023-23-99 1225 2.7 <0.10 9.9 0.144 0.39 -- 150 -- 158 -
CTW 214 4226270711959033-23-99 1120 3.3 <.10 16 .036 37 -- <10 -- 64 -
CTW 203 4226220711959013-24-99 0820 9.8 <.10 16 .024 4.8 -- <10 -- 33 -
CTW 216 4226260711959013-24-99 1020 85 <.10 31 .024 0.027 <10 3,100 629 660
SAMPLED WITHOUT PACKER
CTW 244  4226250711959013-24-99 1138 43 0.11 24 <.020 45.6 -- <10 270 1,000 1,100
CTW 205 4226270711959013-24-99 1455 6.9 <.10 18 .035 5.06 -- <10 10 11 11
CTW 205 4226270711959018-19-98 1330 35 <.10 19 .092 36.1 <.010 <10 -- 133 -
CTW 217 4226270711959043-24-99 1259 14 <.10 16 .570 12.2 .060 200 450 829 830
CTW 218 4226280711958013-24-99 1325 13 <.10 20 <.020 8.36 .022 <10 1,500 270 300
LVvW 30 4226160712003013-24-99 0920 23 <.10 9.8 - -- -- <10 -- 16 -
CTW 204 4226270711957013-24-99 1400 4.3 <.10 14 .039 .32 -- <10 -- 4 -
CTW 206 4226260712004013-24-99 1430 10 <.10 15 <.020 43 -- <10 -- 6 --
LVW 33 4226130712012013-24-99 1540 8.2 <.10 12 <.020 .05 -- <10 -- 10 -




Ground-Water Point Sources CTW 206, LVW 30, and LVW 33, which were outside
of the plume (table 3). Well CTW 203 appears to be

Three large point sources were present that . located south of the plume (fig. 10), but contained vari-
potentially could discharge nutrients to gf‘."!”d water Iny s constituents including N at concentrations similar
the Walden Pond area: the Concord municipal landfill,

Yuring the summer.

Nutrient load transported in the plume to Walden
Pond could be estimated from the product of the
nutrient concentration in the leach-field feed water
(table 4, septic tank) and water use at the bathhouse
and Reservation headquarters, provided that no nutrient

Ground-water flow direction at the septic leach loss occurred during transport. The possibility of
field, as determined by triangulation among water tableyutrient loss is considered separately for N and P.
wells, varied by as much as 30 degrees during the N loss during leachate infiltration and transport
course of a year but generally was in the direction of can be determined by comparison of N concentration
the plume indicated in figure 10. The presence of a  ith specific conductance, which generally is conser-
ground-water plume containing N was measured in  yative in waste water, in samples from the septic tank,
wells immediately downgradient from the Walden  the water-table wells, and the beach drive-point wells.
Pond State Reservation leach field (flg 10 and table 4m was present in the Septic tank as4NHnd Organic N
and in the drive-point wells at the northeast shore of and converted to N during infiltration from the
Walden Pond (fig. 10 and table 5). N@anged from  septic leach field to the water table (table 4). Conduc-
2.51t0 45.6 mg N/L (one outlier at 0.21 mg N/L) in the tance and N were an order of magnitude higher in the
within-plume monitoring wells and from 0.9 to 6.7 mg septic-tank samples than in water-table wells immedi-
N/L (one outlier at <0.05 mg N/L) in the northeast-  ately downgradient, indicating that the sewage leachate
shore beach samples. Repeated measurements at theyas diluted during infiltration and transport to the
monitoring well sites (table 4) indicated that conduc- wel|ls. Assuming end-member mixing of N in the
tance and N concentrations fluctuated in the plume plume with background ground water, the relation of
wells, likely because of changes in the ground-water N to conductance should be linear if N is transported

of ground water from the first two sources was ruled
out by delineation of the ground-water contributing
area (fig. 4), whereas the septic leach field of the
Reservation bathhouse and headquarters was within
the ground-water contributing area.

flow pattern or source variability (seasonal use). conservatively and given as
Comprehensive water analysis of selected CuN;—Ny) Co(N,—N,)
ground-water samples (table 3) confirmed the plume Ng = — - + Ny, (5)

presence by analogy with water-quality constituents (C=Cy) (C=Cy)
in other sewage-related plumes. In coarse-grained, whereN andC refer to nitrogen concentration and
glacial drift aquifers in eastern Massachusetts, sewageonductance, respectively, and the subscbpksands
plumes typically contain high levels of conductance, refer to concentrations in the background wells, the
chloride (CI), sodium (Na), and species of sulfur (S) septic tank, and plume wells, respectively.

and N, compared to ground water outside the plume. A plot of all the data and the theoretical end-

DO generally is present at low concentrations in member mixing line (fig. 11) indicates that the upgradi-
the plumes and reducing conditions may develop ent samples (samples out of the plume), and many of
(DeSimone and Howes, 1996; LeBlanc, 1984). Some the downgradient well data, fall near the end-member
of these characteristics of sewage plumes occur in thamixing line, but the beach-depth samples and beach-
samples from the wells that are downgradient of the perimeter samples, with one exception, do not. The
septic leach field between the leach field and Walden divergence of the first two data types from the end-
Pond. Calcium (Ca), magnesium (Mg), Mn, potassiummember mixing dilution line could result from loss of
(K), Na, Cl, sulfate (S¢¥), and specific conductance, N in transport, or from a sewage N:conductance ratio
were higher in wells CTW 205, 216, 217, 218, and 244hat fluctuates from the measured septic-tank values.
downgradient of the leach field, compared to concen- Assuming that the divergence represents N loss, the
trations of these constituents in the deep wells degree of loss is not more than about 20 percent for
CTW 213 and CTW 214 and wells CTW 204, the downgradient wells (fig. 11).
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Table 4. Ground-water concentrations of nutrients and specific conductance from water monitoring wells in the aquifer of Walden Pond, Concord and Lincoln,

Massachusetts

[E, estimated; No., number; °C, degrees CelgiGécm, microsiemens per centimeter; mg/L, milligram per liter; <, actual value is less than value shown; --, not measured]

Ammonia

Ammonia

Gz AbBojouwiq

Specific . . Phos-
cgnduc- Field Water Alkalinity AT“’“°”""‘ plus_ plus_ NO2 + NOg, Phos- phorus,
Local . . pH temper- nitrogen, organic organic . phorus, :
identifier Station No. Dates  Time tance (standard ature (mglL as dissolved  nitrogen, nitrogen, n.|trogen, total total dis-
(uS/cm at . o CaCO03) . dissolved solved
25°C) units) c) (mg/L as N) dissolved total (mg/L as N) (mg/L as P) (mglL as P)
(mg/L as N) (mg/L as N)
SEPTIC TANK
5-28-99 4,040 - - - 460 - 460 0.05 60.2 --
7-21-99 1248 - 5.6 11.2 9 110 - 100 <.05 105 11.4
9-14-99 1315 1,907 - - - 150 - 160 <.05 13.1 17.5
UPGRADIENT OR OUTSIDE OF THE SEPTIC-SYSTEM LEACH-FIELD PLUME
LVW 33 422613071201202-18-99 1328 70 8.5 8.5 - - - - - - --
42261307120120B-24-99 1540 60 5.9 8.5 5 <0.02 - - 0.05 0.048 0.008
422613071201201-26-99 1514 65 - 8.9 - - - - - - --
422613071201205-04-99 1020 79 5.9 9 7 <.02 - - <.05 .105 .013
4226130712012017-22-99 1015 62 5.9 9 6 <.02 - - .18 .062 .009
42261307120120D-14-99 1232 63 5.9 8.8 7 <.02 - - <.05 - .002
LVW 30 4226160712003017-10-98 1549 163 - 104 - - - - - - --
42261607120030B-12-98 1425 121 - 8.9 - - - - - - -
42261607120030D-18-98 1436 96 - 8.9 - - - - - - -
42261607120030110-20-98 1030 - - - - - - - - - -
42261607120030111-04-98 1420 - - - - -- <1 - .01 .021 .001
42261607120030111-20-98 0956 99 - 9.1 - - - - - - -
4226160712003012-11-98 1131 97 - 8.6 - - - - - - --
4226160712003011-20-99 1035 99 - 8 - - - - - - -
422616071200301-20-99 1051 - - - - -- <1 - .02 - --
422616071200302-18-99 1205 116 - 8.5 - - - - - - --
42261607120030B-24-99 0913 124 5.8 - 6 .03 - - .05 .053 .004
42261607120030B-24-99 0920 124 5.8 8.8 8 - - - - - -
42261607120030B-24-99 1140 537 5.3 9.2 6 - - - - - --
42261607120030B-24-99 1459 132 5.8 9.5 14 - - - - - -
422616071200301-26-99 1028 131 - 9 - - - - - - -
422616071200305-04-99 1215 156 - 9.3 - - - -
422616071200305-04-99 1220 156 5.8 9.3 8 <.02 - - <.05 .067 .004
42261607120030%7-22-99 0935 114 5.8 9.3 7 <.02 - - <.05 .018 .004
42261607120030D-14-99 1052 105 5.8 9.1 17 <.02 - - <.05 - .003
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Table 4. Ground-water concentrations of nutrients and specific conductance from water monitoring wells in the aquifer of Walden Pond, Concord and Lincoln,
Massachusetts—Continued

Ammonia Ammonia

Specific . . Phos-
cgnduc- Field Water Alkalinity AT“’“°”""‘ plus_ plus_ NO2 + NOg, Phos- phorus,
Local . . pH temper- nitrogen, organic organic . phorus, :
identifier Station No. Dates  Time tance (standard ature (mg/L as dissolved  nitrogen, nitrogen, n.|trogen, total total dis-
(US/cm at . o CaCO03) . dissolved solved
25°C) units) ) (mg/L as N) dissolved total (mg/L as N) (mg/L as P) (mglL as P)
(mg/L as N) (mg/L as N)
UPGRADIENT OR OUTSIDE OF THE SEPTIC-SYSTEM LEACH-FIELD PLUME— Continued

CTW 227 422624071201101-27-99 1600 - - - - - <0.1 - 0.01 - -
42262407120110D-14-99 1015 77 6 - 11 <0.02 - - <.05 - <0.001
CTW204 4226270711957011-04-98 1230 - - - - - <1 - .13 0.022 .022
422627071195701-27-99 1110 - - - - - <1 - .18 - .025
42262707119570B-24-99 1400 58 6.5 9.5 10 .04 - - .32 .027 .025
422627071195705-04-99 1105 70 6.1 10.1 11 <.02 - - .27 .027 .027
422627071195707-21-99 1455 58 6 10 10 <.02 - - .36 .027 .025

42262707119570D-13-99 1445 57 6.1 9.8 8 <.02 - - 31 - -
CTW 206 4226260712004011-04-98 1545 - - - - - <1 - .32 .027 .005
422626071200401-27-99 1200 - - - - - <1 - .29 - .016
42262607120040B-24-99 1430 77 6.1 - 12 <.02 - - 43 .045 .019
422626071200405-04-99 1325 75 6.5 11.7 8 <.02 - - .26 .028 .018

4226260712004077-22-99 0904 66 6.2 115 14 <.02 - - .27 - --
42262607120040D-13-99 1510 99 6 11.5 13 <.02 - - .16 - .004
CTW 207 42262807120080111-04-98 1440 - - - - <1 - .02 .055 .006
CTW 213 422627071195903-23-99 1225 33 6.1 9.3 6 14 - - .39 .053 .013
422627071195905-28-99 0946 46 5.8 10.1 8 A1 - - A7 .038 .011
422627071195907-21-99 1320 51 6.2 10.1 10 .09 - - 41 - .032
42262707119590D-13-99 1415 54 6.2 9.8 10 .02 - - .50 .021 .004

CTW 214 422627071195903-27-99 1530 - - - - - <1 - .32 - --
422627071195903-23-99 1120 49 6 9.7 15 .04 - - .37 .021 .016
42262707119590%-04-99 1015 - - - - <.02 - - .36 .016 .015
422627071195903-21-99 1220 65 6.8 9.8 17 <.02 - - .39 - .032
422627071195903-13-99 1130 65 6.7 10 16 .02 - - A7 21 .003

CTW 203 4226220711959010-20-98 1125 - - - - - - - - - -
42262207119590111-04-98 1340 - - - - - <1 - 3.14 .024 .021

4226220711959012-11-98 1209 170 - 9 - - - - - - -

422622071195902-18-99 1230 153 - 9.1 - - - - - - --

42262207119590B-24-99 0820 124 5.9 8.7 8 .02 - - 4.80 .030 .027



2 ABojouwiq

Table 4. Ground-water concentrations of nutrients and specific conductance from water monitoring wells in the aquifer of Walden Pond, Concord and Lincoln,
Massachusetts—Continued

e Ammonia Ammonia
Specific Field Water . Ammonia plus plus Phos- Phos-
conduc- Alkalinity . . . NO2 + NOg, phorus,
Local . . pH temper- nitrogen, organic organic . phorus, :
identifier Station No. Dates  Time tance (standard ature (mg/L as dissolved  nitrogen, nitrogen, n.|trogen, total total dis-
(US/cm at . o CaCO03) . dissolved solved
25°C) units) ) (mg/L as N) dissolved total (mg/L as N) (mg/L as P) (mglL as P)
(mg/L as N) (mg/L as N)
UPGRADIENT OR OUTSIDE OF THE SEPTIC-SYSTEM LEACH-FIELD PLUME— Continued
CTW 203 422622071195904-26-99 1102 108 - 9.6 - - - - - - --
422622071195905-04-99 1235 140 5.9 9.5 12 <0.02 - - 3.89 0.227 0.027
422622071195907-21-99 1520 127 5.8 9.7 14 .03 - - 4.66 - .039
42262207119590P-14-99 1115 131 5.8 9.6 13 <.02 - - 4.88 - .024
.013
DOWNGRADIENT FROM SEPTIC-SYSTEM LEACH-FIELD, WITHIN THE PLUME
CTW 244 4226250711959011-20-99 1343 - - - <0.1 - 25.6 - --
42262507119590B-24-99 1138 537 5.3 - 5 <0.02 - - 45.6 0.019 0.015
422625071195905-04-99 0845 469 5.4 9.5 6 <.02 - - 135 .034 .028
422625071195907-21-99 1046 457 5.2 15.1 6 .25 - - 304 - .055
42262507119590P-13-99 1000 438 5.2 9.5 4 42 - - 24.8 .017 .004
CTW 216 4226260711959011-20-99 1428 - - - - - <1 - 304 - --
42262607119590B-24-99 1020 371 5.5 9.3 7 .02 - - - .225 .027
422626071195905-04-99 0910 475 5.3 9.8 8 <.02 - - 26.3 .044 .030
422626071195907-21-99 1235 570 5.2 10.1 5 <.02 - - 38.5 .032 .052
42262607119590P-13-99 1025 644 51 10.2 5 A2 - - 37.8 .015 .008
CTW 205 42262707119590B-19-98 1330 394 5.4 - - .09 - - 36.1 - <.01
42262707119590111-05-98 1045 - - - - - 2 - - .013 .016
422627071195902-02-99 1055 124 5.8 9.1 - -- <1 - 5.25 - --
42262707119590B-24-99 1455 132 5.8 - 12 .04 - - 5.06 .026 .025
422627071195905-04-99 0945 260 5.7 11 11 <.02 - - 12.9 .020 -
42262707119590177-21-99 1425 208 5.7 115 11 <.02 - - 11.9 - .047
42262707119590P-13-99 1150 162 5.8 11.3 12 <.02 - - 6.44 - -
CTW 217 422627071195904.-20-99 1524 - - - - - A - 21 - -
422627071195908-24-99 1259 165 5.1 9.6 3 .57 - - 12.2 .071 .060
422627071195904-28-99 0820 173 53 10.3 9 .27 - - 121 314 .062
4226270711959049-13-99 1212 162 5.5 10.8 10 .06 - - 8.68 - .055
CTW 218 4226280711958011-21-99 1033 - - - - - <1 - 2.56 - --
42262807119580B-24-99 1325 176 5.7 10.5 10 <.02 - - 8.36 .046 .022
422628071195805-04-99 1040 174 5.6 10.7 10 <.02 - - 8.72 .032 .026
422628071195807-21-99 1405 158 5.6 10.9 10 <.02 - - 8.95 - .044
42262807119580P-13-99 1330 226 55 10.6 7 .03 - - 13.6 .032 .007




Table 5. Ground-water concentrations of nutrients and specific conductance in the beach-depth temporary drive-point wells,
Walden Pond, Concord, Massachusetts

[No., number; °C, degrees Celsius; m, mgi&fcm, microsiemens per centimeter; mg/L, milligram per liter;--, no data]

Specific Nitrogen

. Depth below Phosphorus,
'|:cligelrj1:|ef|]é(r) Station No. Date Time Eurface con(ﬁ;?gsqnce ’\:i(i)szst)ll\\/lgjy total dri)ssolved
(m) at 25°C) (mg/L as N) (mg/L as P)
Beach depth 1 422624071200601 12-04-98 1515 0.76 227 6.39 0.002
422624071200601 12-04-98 1445 1.52 237 2.81 -
422624071200601 12-04-98 1420 2.29 174 1.20 -
422624071200601 12-04-98 1400 3.05 164 1.68 -
422624071200601 12-04-98 1326 3.81 157 521 .007
422624071200601 12-04-98 1230 4.57 155 .90 -
Beach depth 2 422623071200501 12-07-98 1105 .76 190 4.02 .001
422623071200501 12-07-98 1135 1.52 190 3.96 .002
422623071200501 12-07-98 1205 2.29 181 4.54 .007
422623071200501 12-07-98 1245 3.05 187 6.24 .010
422623071200501 12-07-98 1320 3.81 160 3.42 .008
422623071200501 12-07-98 1400 4.57 145 2.66 .010
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Figure 11. Relation between conductance and nitrate concentration in samples from ground-water wells away
from the plume and within the plume from the Walden Reservation septic leach field, and samples from drive-
point wells along the beach of Walden Pond, Concord, Massachusetts. [The solid lines show end-member

mixing between water from the septic tank and background water for no-loss and 20-percent loss of nitrogen.]
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Sorption of the Ni" onto negatively charged In contrast to N, loss rates for P that occurred
solids in the aquifer can cause losses from the septic-between the septic tank and ground water approached
tank N. Investigation of this process at septage-system00 percent. Whole-water P concentrations were high
infiltration beds in Orleans, Mass. (DeSimone and  in the leach-field feed water (10 to 60 mg/L, n=3), but
Howes, 1998), indicated that 80 percent of the N dis- P apparently adhered to aquifer solids during passage
charged to the beds arrived at the water table. The  through 12 m of unsaturated sands underlying the beds.
NH4" that is not lost through sorption, but rather con- whereas N concentration was about 10 times less in
verted to NQ@" during passage through the unsaturateche plume water adjacent to the leach field than in the
zone, likely will continue in transport through the satu-septic tank, P was 1,000 times less. Background P con-
rated zone. N@ in aerobic ground water is not readily centrations tended to be greater from samples at wells
converted to other forms, nor are anions such ag NO petween Goose Pond and Walden Pond (CTW 204,
retarded in flow by interaction with the aquifer solid  cTw 206, and CTW 203) than at those north and south
phase (Desimone and Howes, 1996; DeSimone and 4 \walden Pond (LVW 30, LVW 33 and CTW 227).
Howes, 1998). P concentrations in the plume wells were approxi-

Deviation from end-member mixing occurs for mately the same as the background concentrations in
the beach-perimeter samples where the relation wells between Goose Pond and Walden Pond. P in
between conductance and Bl@ppears to breakdown. water from the beach samples was not correlated with
Results from the beach-perimeter sampling indicated N in those samples (table 5); there was not a tendency
that high N values were restricted to the northeast  towards high P concentration in the northeast corner of
corner of the lake (fig. 10). Beach-depth sampling in the lake where high N was detected. Thus, P transport
the northeast location indicated the high N values  in the plume above that of background transport did
extended some distance (up to about 4.5 m) below theiot appear to be significant and was not estimated
surface (table 5). Although the nitrogen values indi-  separately.
cated the discharge of plume water, the conductance:N . . .
values from the beach-depth and perimeter sampling _ Seventeen res!dentlal point sources (hquseg on
generally were greater than those associated with diluSEPIIC Systems) are in the Walden Pond contributing
tion of plume water (fig. 11). The wide distribution of area (buildings are shown in fig. 4). N mput_s from all
high conductance in the beach sampling may result but two of these would enter Goose Pond first and con-

from highway salt applied to State Route 126 (fig. 10)’tr|bute to Walden Pond input only as mediated by the
which likely moves downgradient toward the lake. ~ ©utput from Goose Pond. Nitrogen output from Goose
Only in the western-most sample on the south side of Pond (and lakes in general) would be expected to be
the lake does specific conductance approach values substantially less than inputs because of denitrification
(less than 8@S) from wells upgradient of the highway in lake sediments (Dillon and others, 1990). The move-
outside of the plume. The specific conductance at thisment of P from the residences to Walden Pond is

site likely results from ground-water flow on a path  unlikely because of the low sewage loading of domes-
from Emersons Cliff (fig. 4), which would not be tic septic systems and because of the long flow paths
affected by highway runoff. Consideration of highway involved from the septic systems to the lake.

salt explains how high conductance could be present on

the shore without high N§)concentrations. Ground-Water Background Source

Assuming 20-percent loss of N after discharge
from the septic tank, concentration for the load compu- ~ Nutrient loads from background ground
tation is 0.8 times the average of the three septic-tankwater were determined by the product of an average
nitrogen measurements (table 4). Water use at the  background concentration and ground-water
bathhouse and Reservation headquarters averaged discharge. The ground-water discharge value used
1,350 n¥/yr from 1996 to 1998. The product of the N (366,000 mi/yr), determined in the “Hydrology” sec-
concentration and water use delivered to Walden Pondion, was an average of the watershed-area and isotopic
in the plume is 260 kg N/yr (table 6). method results.
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Table 6. Annual and summer nutrient budgets for Walden Pond, Massachusetts, based on 1995-99 average ground-water and precipitation inflows and 1998-99
average nutrient concentration data

[N, nitrogen; P, phosphorus; kg/3 mo, kilogram for 3 months; kg/yr, kilogram per year; mg/L, milligram per year; --, natdheasur

Annual Summer
P concen- Percent N concen- Percent Percent Percent
Source . P load . N load N:P ratio P load of total N load of total N:P ratio
tration (kglyr) of total tration (kglyr) of total (atomic) (kg/3mo) summer (kg/3mo) summer (atomic)
(mg/L) ary load (mg/L) ary load 9 : 9
oad load

Background ground water....... 0.015 55 17 0.18 66 7.7 27 1.4 9 16 4 27
Plume ground water ............... -- -- -- -- 260 30 - -- -- 65 15 --
Atmospheric wet.................... .0027 .8 3 .50 152 18 412 2 1 38 9 412
Atmospheric dry........cccccveenee -- 15 47 -- 75 8.7 11 3.8 23 19 4 11
SWIMMErS.....ueiiieiiiiiieee e, -- 8.7 27 - 290 34 74 8.7 54 290 67 74
Waterfowl .........cccoviiienenninns -- .6 2 -- 4 5 15 6 4 1 0 4
Fish stocking .........cccccoevvennen. -- 7 2 -- 6 7 19 7 4 2 0 5
Direct runnoff..............cccc.o.... -- .8 2 -- 6 7 16 8 5 1 0 4
Total..oeeeeeiiiieieee e -- 32 100 - 858 100 59 16 100 432 100 59
Total without plume............. -- 32 -- - 598 -- 41 16 -- 367 -- 50
Total without swimmers....... -- 23 -- - 568 -- 54 7.4 -- 142 -- 43




NOs3-N background concentrations were mea- shown to be substantial in this investigation as also has
sured in 39 samples from 9 wells located upgradient obeen shown for a small lake investigated in New
outside of the septic-system leach-field plume (table 4)Hampshire (Cole and others, 1990).

Concentrations in samples from CTW213 and 214
(deep wells) and CTW 204, CTW 206, and CTW 207
were consistently higher (average 0.32 mg/L) than in

Atmospheric inputs for both N and P were mea-
sured separately for wet deposition and dry deposition

the other three wells (average 0.05 mg/L). Values of inputs using an Aerochem atmospheric depositiqn col-
<0.05 mgiL listed for some of the samples (table 4) lector at the station northeast of Walden Pond (fig. 4).

resulted from a high-detection limit method, and these! N€ collector was in an open area on a platform with
values were not included in the average. CTW 203 wathe collection height positioned 3.4 m above the ground
not used in averages because of anomalously high co¥ith approximately 50-degree angle from horizontal to
centrations as already discussed. The wells with highdhe 17.5-m-tall tree canopy located 11.9 m distant. The
concentrations of N were in the zone between Goose sampler consisted of two buckets and one cover, which
Pond and Walden Pond, whereas the wells with lowermoved automatically to cover the dry or wet bucket
concentrations of N were in flow paths originating according to signals from a precipitation sensor.

from local highs in the ground water north or south of Dryfall was collected in a precleaned, acid and

Walden Pqnd (table 4 a_nd f'g' 4). The reason for the .deionized water rinsed plastic bucket (28.3 cm diame-
difference in concentrations is unknown. An intermedi-

) ter) filled to a depth of approximately 5 cm with deion-
ate background concentration was computed as the . :
: ized water. The water was used as the collection
grand mean (0.18 mg/L) of the means of the high andsurface to mimic the surface of the lake (Cole and oth-
low concentration wells. A background N of 66 kg N/yr

load was estimated by taking the product of average ers, ;99?' ﬁftelz the deployme(;lt pzril;)d, ushuatl)lly LWO h
concentration and ground-water discharged to the lakd/S€KS: the bucket was covered and brought back to the

. N aboratory. The water amount was measured gravimet-
Because P concentration was not significantly

. . . rically, insects were screened out (2 mm screen plastic
different in samples from the septic plume wells com- sieve), and N and P concentrations were measured, as
pared to samples from wells upgradient or outside ’ ’

of the plume, all well data were used to compute averJescribed previously in “Sa}’mpling and Analytical_ _
age P concentration in the ground water. The averageMethOdS for Ground Water. Baseq on concer_wtranon in
was computed by analogy with N as the grand mean the water and water volgme, a yvelght of nutrient col-
(0.015 mg/L) of the mean from wells between Goose lectéd was computed. Time-weighted average collec-
Pond and Walden Pond (0.024 mg/L) and the mean of/On during 16 collection periods, July 1998 through
wells north and south of Walden Pond (0.005 mg/L). June 1999, adjusted to annual amount per lake area was
Dissolved P data, rather than whole-water P data werd5 kg/yr for N and 15 kg/yr for P. On a percentage-
used in the analysis, because substantial amounts of Pput basis, the dryfall P load was large (table 6). Given
could be leached off large particles (sand) in the wholghe time dependency of dryfall deposition (fig. 12) and
water samples by the acid preservation method used.visual observations of pollen in the collection bucket,
The particles were assumed not to transport in the aquhe dryfall P input appeared to be dominated by pollen.
fer. The P contribution to Walden Pond from ground-
water inflow was determined to be 5.5 kg/yr, the prod-
uct of the average dissolved concentration and the
volume of ground water discharged to the lake.

Wetfall samples were collected in an analogous
processing, except that the buckets were put out dry
and the water analyzed came from precipitation. Pre-
cipitation samples were not screened because insects
generally were not present in the collected water.
Annual wetfall loads were determined by adjusting

Atmospheric sources, especially dryfall, often the volume-weighted-average concentration from 19
are ignored in lake nutrient budgets or estimated with-water-collection intervals from July 1998 through June
out local data because of technical or logistical difficul-L999 by annual rainfall and the area of Walden Pond.
ties associated with the collection or interpretation of Volume-weighted concentrations were 3L of N
the data. In this investigation, local atmospheric depo-and 2.7ug/L of P. Loads were 152 kg/yr of N and
sition measurements were included. Dryfall of P was 0.8 kg/yr of P.

Atmospheric Deposition Source
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percent input) and away from summer ducks and geese
(12 percent input). Gulls mainly were associated with
the active landfill. Retaining the ducks and geese com-
ponent, the estimates used in this study are 4 kg/yr of N
and 0.6 kg/yr of P, which better reflect the current
absence of gulls because of the closing of the Concord
landfill. Nutrient input from stocking of trout was
determined from a previous study to be 6.0 kg/yr of

N and 0.7 kg/yr of P (Baystate Environmental, Inc.,
1995). Previous estimates of annual nutrient loads from
direct road runoff were 5.8 kg/yr of N and 0.8 kg/yr of

P (Baystate Environmental, Inc., 1995). These may be
lower-bound estimates because they did not account for
the amount of impervious surface in the Reservation
parking lots.
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RATE OF PHOSPHORUS DRY-DEPOSITION,
TO WALDEN POND, IN KILOGRAMS PER YEAR

Nutrient Limitation, Ratios,

J'JAISTO'N D JFIM ATMIITI T A Source Size, Timing, and
1998 | 1999 Disposal Strategies
DATE Often in aguatic ecosystems, all algal nutrients

are in excess supply for algal growth except one,

. o termed the (growth) limiting nutrient (Rutner, 1973).
Figure 12. Dryfall deposition of phosphorus from June 1, .. . .
1998, to September 1, 1999, collected on a water surface in The average ratio in which algae require N and P,

a collector near Walden Pond, Concord, Massachusetts. established by Redfield and others (1963), is 16:1 on

[Width of bar indicates interval of sample composite.] an atom-to-atom basis. The N to P ratios in Walden
Pond nutrient inputs (59 overall, see table 6) indicate

Swimmer Source that N is in excess and P would be the limiting nutrient

Walden Pond receives about 500.000 visitors Ioeprovided that the nutrients were not subject to differen-

year, concentrated during the summer months. The pé@I loss in the lake. N to P ratios are greater than 16 in

centage of visitors who swim also increases on the hat€ciPitation, estimated swimmer input, and in the

test days during the summer. Swimmers have been sept?c Ieach-ﬁeld plume water (table .6)' Without the
found to be a large source of nutrients in other lakes SEPUC leach-field plume, which contains 30 percent of

(Schultz, 1981). Urine is the source of nutrients from the tOt"_’}: N iﬂptg’ therl]\l to Pd][_atlig WO.UId decrease fo
swimmers (Caraco and others, 1992). Human output ¢f 1 —Stll well above the Reh_leh ratio. bstantially i
nutrients in urine is well known and averages 27 g N/d Nutrient Sources in whic N is substantially in :
(computations from Guyton, 1971) and 0.81 g P/d excess may mitigate against blooms of cyanobacteria,

(Caraco and others, 1992). Assuming 270,000 visitorsWhiCh have the capability to satisfy their N requirement

during June, July and August (as in 1996), that 80 perpy using (fixing) N from the atmosphere. A selective

cent are swimmers, and that 50 percent of the swim- advantage of cyanobacteria over algae, which cannot

mers urinate in the lake in the amount of 10 percent ofix atmospheric N, may be remqved when N is in
their daily urine output, then the swimmer input of N €XCess supply (Levine and Schindler, 1999). As cyano-

and P to Walden Pond would amount to 290 kg/yr of npacteria blooms often form nuisance surface scums and
and 8.7 kg/yr of P. even may develop toxins, a high N to P ratio, and

sources that contribute to it, such as the leach-field
plume, may be desirable.

Control over the amount of algal biomass pro-

Previous avian input estimates, which were duced is exerted by the input load of the limiting
substantial when the nearby Concord Landfill was  nutrient (P). The “percent of total load” column for
active, were 33 kg N/yr and 4.8 kg P/yr (Baystate the limiting nutrient P (table 6) indicates that the
Environmental, Inc., 1995). The previous estimate wadiggest sources are atmospheric dryfall (47 percent),
weighted heavily towards winter gull presence (88  swimmers (estimated at 27 percent), and background

Other Nutrient Sources
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ground water (17 percent). Of the large sources, the Walden Pond were necessary. To assess the relative

estimated swimmer source is perhaps the most subjeeiffect of decreasing inputs on the lake, nutrient budgets

to regulation. expressed on an areal basis can be compared among
The swimmer source greatly affects the summengges, using comparison relations established by

nutrient budget. If the nutrier_lt budget is recomputed \g|ienweider (1975). Walden Pond, at 0.13 g #ym

for the 3-month summer period and ground-water andig 5nhr0aching a eutrophic state between “permissible

atmospherlc-(_jeposmon sources are added_ in at one .4 critical P loads,” 0.084 and 0.17 g Bim respec-
guarter of their annual value, estimated swimmer input.

becomes over 50 percent of the total summer P budgewely’ which apply fpr a Ié.lke Wlth_mean depth of
(table 6). 12.9 m and hydraulic residence time of 5 yr

From perspectives of the amount and type of Vollenweider (1975). By compariso.n, more eutrophic
algal growth, an advantage was realized by routing Ashumet Pond on Cape Cod, mentioned in the previous
waste from the State Reservation bathhouse located ¢i¢ction, is estimated to receive between 0.24 to
the shore of Walden Pond to the thick (14 m) unsatur-0.29 g P/myr (Jacobs Engineering Group, 2000). The
ated zone underlying the leach field (figs. 4 and 10). \Vollenweider loading concept usually is based on loads
P partitions away from the mobile water phase and  to drainage lakes, such as from sewage-treatment out-
absorbs to grain surfaces in the unsaturated zone. Thigy|s and riverine inputs. Correspondence to loads from
results in an increase in the N to P ratio of ground-  the important nutrient sources for Walden Pond,
water nutrient inputs without (currently) increased P ground water, dry deposition and, possibly, swimmers
load. Prospects for long-term (greater than 100 years).

: . is unknown.
sequestration of P in the unsaturated zone are less cer-
tain. P is not transported in the unsaturated zone only Although the nutrient budget comparison indi-
because it moves from water to solids in the aquifer; Reated that Walden Pond was in a mesotrophic state
does not degrade or volatilize. Depending on the naturghen compared with other lakes, it does not indicate
of the aquifer solid phase and quality and quantity of \yhether Walden Pond has changed or is at an appropri-
disposed waste, P can be transported eventually with 4 state for an ecologically “healthy” kettle-hole lake.

Usefulness of the nutrient budget assessment also is

the water phase, as it has been in a sewage plume in
lacial h materials that ar radien L .
glacial outwash materials that are upgradient to }ljmlted because two sources (swimmers and runoff) are

Ashumet Pond on Cape Cod (Walter and others, 1996 X . e
The unsaturated zone was thinner at the Cape Cod ncertain and the large dry-deposFuop term is difficult
sewage disposal site (6 to 11 m) than at the Walden to extrapolate from the collector location to lake. In-
State Reservation site (14 m). Also, the Cape Cod sitdake response to nutrients in terms of plant growth also
handled a much greater waste load (varying from must be considered to determine if a kettle-hole lake is
140,000 to 2,200,000 Hyr from 1936 through 1995) in a desirable trophic state.

than the waste load handled by the leach field at

Walden Pond (1,350 #tyr). Both of these conditions

would likely cause increased subsurface transport at pjant Growth and Internal

the Cape Cod site compared to the Walden site.
Another strategy for waste disposal without affecting )
the lake would be to locate disposal facilities downgraConstituents
dient from Walden Pond (at the west end or to the

Cycling of Chemical

north), that is, outside the ground-water contributing Nutrient budgets are important to trophic ecol-
area (fig. 4). ogy because they control plant growth; however, uncer-
tainties regarding budget terms and nutrient processing

Nutrient Loading Trophic in a given lake system make desirable actual measure-
Index ments of the growth response of plants. In this section,

Nutrient transport and ways of decreasing plant growth in Walden Pond is examined as well as the
nutrient inputs were presented in the previous sectionchemical constituents in water that affect and are
without determination of whether decreases for affected by plant growth.

Limnology 33



Methods of Sampling and Nitella biomass was determined by weighing samples
Analysis of the Water from a known area of sediment surface that had been
Column oven-dried (100°C) to a constant weight.

Secchi-disk depth and in-lake depth-profile dat;:x-remperatu|re Stratification
for pH, DO, conductance, and temperature were col- o _ o
lected every 2 weeks during temperature stratification Distribution of constituents within Walden Pond,
and occasionally during winter from March 1997 to ~ Such as nutrients, DO, and even biomass is controlled
July 1999 at the deep-hole station in the western basif! Part by annual thermal stratification of the lake
of the Walden Pond (fig. 4). These properties and con{fig. 13). Warm water is less dense than cold water so
stituents also were measured monthly at the east basiifiat the sharp temperature gradient that forms at around
station (fig. 4) during 1997 and 1998. Water samples m every summer (the thermocline) is a barrier to ver-

were collected at 1-m intervals by peristaltic pump anotlcal mixing of the water. The short fetch and forested,

tubing at the deep-hole station for nutrient and chIoro—Steep banl_<s of W@'de” Pond further restrict the water
mixing action of wind. In small New England lakes,

f;égi:rn?éﬁg eotg i)nmggg;yl/ysibs?iﬁ ' SS e?oTeprl:t? e\;vi(r)(? vert_ical_mixing ir_\ the zone above the _thermoc_line (the

1997, and to measure levels of dissolved Fe and Mn, eplll_mnlon_) continues during the stratlfleo! pel_rlod, but

on August 19 and September 10, 1997. vertu_:al mixing in and below the thermocline is .

restricted. In the zone of steep temperature gradient

During 1998, samples of benthic algae (primarily (the metalimnion) vertical mixing probably approaches

the macroalg&litella) were collected along eight that of molecular diffusion, although in the zone below

transects perpendicular to the shoreline from depths the temperature-gradient zone (the hypolimnion) verti-

shallower to depths deeper than thalliélla growth.  cal mixing may be up to two orders of magnitude

Samples were collected at the transects by divers  greater than molecular diffusion (Quay and others,

during May and again, by Ekman dredge (22%)cm  1980; Benoit and Hemond, 1996).

during October. The diving procedure involved pushing

plastic buckets, from which the bottoms had been cut Phytoplankton, Nitella, and

away, into the sediment substrate and scooping the Light

plants from the ring interior (surface area 53Fcm Phytoplankton amounts can be determined from
Comparisons between diver and dredge sampling '”d'profiles of chlorophylh (fig. 14). The conversion

cated similar results were obtained by both methods. At ctor between chlorophydl and plant biomass varies
the surface, plants were rinsed in lake water to remove ccording to species and nutritional status but averages

attached sediment, blotted dry with paper tissue,  apout 30, on a chlorophyli-to-carbon basis (Strickland,
wrapped in tared aluminum foil, and stored on ice in a1960), or 67, on the basis of chlorophyll to dry-weight
cooler. organic matter (APHA, 1995).

Methods of water analysis used were as The epilimnetic chlorophylé average, often

described for ground-water analysis except for the field!S€d t0 assess trophic state, was 1.2 anfglL6in
parameters of pH, DO, and conductance, which were 1997 and 1998, respectively. The chloropfaytirofiles
measuredn situ using a Hydrolab with a 30 m cable. &€ somewhat variable (fig. 14), indicating changing

The Hydrolab was calibrated using standard solutionsPhytoplankton bloom conditions. A metalimnetic peak
for pH and conductance, and by air calibration for oxySoncentration at about 10 m occurred during most of
gen, at the beginning of each data-collection day. Thethe sampll_ng dates m_the stratlfleo_l period. In 1998,
Hydrolab thermistor probe was checked once per yeal'Nen Profiles are available for spring and summer,
by comparison with a National Institute of Standards N€ré Was a tendency for low chlorophgiconcentra-

and Technology traceable thermometer and determinet(.EOnS in the epilimnion (0 to 6 m_) in the spri_ng, which
increased by the last sampling in June. Using average

:grb(((a) %cito:gr)ate to within the precision of the thermomevalues for 1997 and 1998 for epilimnetic and metalim-
' ' netic chlorophyll of 1.4 and 24g/L, respectively, and
Chlorophyll-a samples were filtered through a  volumes from table 7, the average summer standing

glass-fiber filter, dried (Godfrey and Kerr, 2000), and crop of phytoplankton, is 103 kg in the epilimnion and

analyzed by spectrometric methods (APHA, 1995). 182 kg in the metalimnion, dry-weight basis.
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Table 7. Surface area and volume data at 1-meter increments 10 m. Transects that were sampled multiple times show

for Walden Pond, Concord, Massachusetts Nitella biomass did not change substantially between
[m3, cubic meter: m, meter: Insquare meter] May and October—November samplinijétella bio-
Depth below Area at given volume of mass varied with location |n_WaIder_1 Pond. Highest bio-
water surface depth 1-meter slice mass transects were associated with soft substrates and
(m) (m?) (m?3) relatively flat sediment surface at the eastern end of the
o 248,776 248,776 lake (figs. 15 and 16). On th'e north and sout.h sides of
1 233493 233 493 Walden Pond, the lake bed is steep, the sediment sub-
> 220,868 220,868 strate usually is cobbley, ahdtella biomass is low.
3 210,993 210,993 On the south side at transect 4 Nitella was observed
4 200,261 200,261 in the 6 to 13 m zone. Shading in these depths on a
5 191,540 101,540 bgthymetrlc map indicates tindtella grO\_/vth zone
6 183,134 183,134 (fig. 16). Bathymetry data (table 7) indicate the bed-
7 174403 174403 sediment surface area within these depths is 32 percent
8 164679 164679 of the total pond surface area, or 79,260 m
9 154,292 154,292 Total biomass oNitella can be estimated as the
10 140,916 140,916 product of square meters covered and an average bio-
11 128,608 128,608 mass per square meter. An average of 63 gir203)
12 117,184 117,184 was computed from thiitella transect data, so that
13 103,949 103,949 biomass is about 5,000 kg, or more than 17 times
14 95,523 95,523 greater than the phytoplankton biomass. Assuming
15 88,267 88,267 conversion from biomass to carbon is a factor of 2,
16 81,022 81,022 Nitella represents 2,500 kg carbon.
g ;;2% 222% TheNite_IIa_t biomass .of Walden Pond is large on a
19 54532 54539 per-area-basis in comparison to other lakes that have
’ ’ been investigated in North America and Europe. Aver-
20 46,886 46,886 age summer biomass in a Danish lake (Grane Langso)
;; g'ggg g%’ggg where metalimnetic production was determined to be
' ’ dominated bitella flexiliswas 26 g/r& (Nygaard and
23 34,262 34,262 . o
o4 30039 30039 Sand-Jensen, 198Nitella flexilisbiomass reported
' ’ for Lake George, New York, was 51 ¢fin the north
;2 ;gégg ;géég basin and 90 g/&in the more eutrophic south basin
7 18,712 18.712 (Stross and others, 1988).
28 14,125 14,125 The deep planktonic chlorophydlandNitella
29 8,743 8,743 maxima likely are associated with the clarity of water
30 2,065 2,065 in Walden Pond. For deep growing plants INigella,

light, in addition to nutrients, can become limiting

Phytoplankton are not the only source of plant to plant growth. Light incident to Walden Pond
biomass in Walden Pond. Large stands of the macroalaries with season, and light penetration into the lake
gaeNitella grow on the bed-sediment surface. Only  varies with clarity of the water. With a ground-water
tentative field identification of specidsitella flexilis contributing area underlain by a thick unsaturated zone
in deeper andlitella gracilisin the shallower zones of devoid of wetlands and humic substances, Walden
theNitella growing range, were made during this invesPond has unusually clear water. Light penetration and
tigation (Ray Stross, State University of New York—  plant growth occurs at greater depth than in many
Albany, oral commun., 1997). No species differentia- lakes.Nitella requires clear-water conditions to grow
tion was made in the biomass determinations and  and also may contribute to water clarity: large stands
results are referred to by the genus name. of Nitella tie up a large amount of P and may intercept

Nitella biomass data are plotted as a function P that might recycle from the sediments before mixing
of depth for each transect (fig. 18litella grows from  into the water column thus decreasing the P available
6 to 13 m depth in Walden Pond. In several of the for phytoplankton growth (Nygaard and Sand-Jensen,
transects, a biomass peak was measured at a depth af981).
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Figure 15. Nitella biomass measured along transects in Walden Pond, Concord, Massachusetts, 1998. (See fig. 16 for

location of transects.)
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Interception of light by phytoplankton in the 1984). In late fall, wind and cooling temperatures break
shallow depths decreases the light availablé\ftalla. down the thermal stratification, and whole-lake circula-
Light penetration in the lake, as determined by Secchition begins again.
disk depth (fig. 13), indicated phytoplankton bloomed Interpretation of DO profiles requires knowledge
during early spring, that phytoplankton decreased of their spatial and temporal variability. Horizontal
(increase in water clarity) in the late spring, and that amixing, unencumbered by density stratification, is
second increase in phytoplankton occurred during themuch greater than vertical mixing (Fischer and others,
summer stratification period. Light penetration to the 1979), so that points on a vertical DO profile may be
deep-dwellingNitella would be greatest during the representative of water extending across the entire lake.
late-spring clear-water period. The light penetration Comparison of profiles measured the same day in
period correlated with pale green shoots\itella opposite ends of Walden Pond (deep-hole and east-end
samplesindicative of new growth (R.G. Stross, State stations) indicate that DO concentrations are horizon-
University of New York—Albany, oral commun., 1997), tally uniform, at least to the depth of the sill between
which were present dNitella harvested during early  basins (fig. 18). Horizontal mixing is blocked by the
May and not present on plants harvested in late sill so that different DO concentrations develop within
summer. each basin below the depth of the sill (12.6 m).
Temporal variability that may occur on a diurnal
also must be considered before interpretation of
Ithe DO profiles in terms of seasonal change. Because
DO generation can occur through photosynthesis only
during the light period, DO profiles in the sunlit part of
ghe water column may change from sunrise to mid-
afternoon. Diurnal variation is unlikely to have contrib-
uted to the variation between profiles at opposite ends
the Walden Pond, since only about 1 hour elapsed
Dissolved Oxygen during measurements at each station. To quantify diur-

nal variability, DO profiles were measured at the

Plant production and internal cycling of nutrients deep-hole station in morning (0640-0730) and mid-
are coupled directly to DO, which is a product of pho- afternoon (1400-1450) on September 17, 1997, which
tosynthesis and is consumed in respiration. Analysis ofvas a cloudless day. The profiles indicated very little
changes in DO and nutrient content in lake zones difference during the day (fig. 18). Apparently, the dif-
defined by water stratification can be used to augmenterences in DO profiles measured through time result
nutrient-budget estimates of lake trophic status. from cumulative changes that were small day to day,

During cold weather every year, Walden Pond and were not affected greatly by variations associated
and most temperate-zone lakes, mix oxygen from the with the time of day when the profiles were measured.

atmosphere into the water column. Therefore, lakes are

nearly saturated with DO in the early spring (fig. 17). Dissolved Oxygen in the

After this cold weather “inhalation” of oxygen and as Epilimnion

the surface water warms, the deep water is cut off from DO concentrations in the epilimnion of Walden
the surface by thermal stratification, so that internal Pond generally were in equilibrium with oxygen in the
processes of photosynthesis and respiration alone  atmosphere (fig. 17). Except during and following
determine DO concentration in the deep, colder waterdestratification (lake turnover), none of the 44 profiles
zone during the summer. Even the continuous dis- measured in open water (without ice cover) were more
charge of oxygenated ground water does not affect théhan 5 percent away from saturation in the top 5 m of
DO balance below the thermocline zone. Ground watethe lake. Because the surface waters warmed during
from unconfined aquifers mostly enters lakes near theMarch to late July each year, DO became less soluble
shoreline, in shallow water (Pfannkuch and Winter, and concentrations decreased from about 12 to 8 mg/L.

Data on phytoplankton and macrophyte standingo .
crops do not indicate the amount of growth, because asis
continual grazing of the crop by zooplankton and othe
organisms may occur, decreasing standing crop but
stimulating growth. More exact determination of
growth can be determined by considering the nutrient
used in growth and DO generated by growth.
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In August and September, the surface water cooled, The difference between photosynthesis and respiration
and DO concentrations increased, reaching more thans also called net photosynthesis. Changes in DO

10 mg/L by late October. Although surface water con- concentration in the metalimnion during the stratified
tinued to cool through November and December (5.8°Qeriod can be interpreted as net production of the

on December 21, 1998), DO concentrations decreasethetalimnetic ecosystem. This interpretation is

slightly during the fall (9.5 mg/L on December 21, analogous to incubating light and dark bottles at depth
1998), and the surface water became undersaturated to determine production of the water contained in the
(76 percent saturation, December 21, 1998). DO bottle. The assumption is that rate of DO diffusion
moved into the surface water from the atmosphere  through the top and bottom planes of the metalimnion
during this period, but the rate was not sufficientto  is negligible because of temperature stabilization of the
keep up with the cooling of the water and the upward water column.

mixing of low-DO water caused by a deepening

) Net ecosystem production in the metalimnion as
thermocline.

determined from changes in DO includes any contribu-
tion from Nitella and deep-growing algae that inhabit
Dissolved Oxygen in the Metalimnion this zone. Metalimnetic DO concentrations increased
substantially between March 20 and April 23, 1998
Unlike the epilimnion, the metalimnion is iso-  (fig. 17B), generating 3.6 g £m?2/day, which amounts
lated from the atmosphere by the thermocline during to 1,300 kg DO in the metalimnion. The metalimnion
the stratified period. Because of the pronounced ther-receives the most light during this period. Subsequent
mal stratification present in the upper metalimnion, metalimnetic DO changes (after April) were minimal
vertical mixing is restricted to molecular diffusion rates (fig. 17B). During the 1998 stratified period, maximum
(Quay and others, 1980), and vertical solute flux would®O concentrations increased from 12.0 to 13.6 mg/L
equal the product of solute gradient and molecular ~ between March 20 and April 23, dropped as low as
diffusivity, which is 2.35 x 1® cn/s at 25°C for 13.0 mg/L on June 23 and reached 14.2 mg/L in
DO (Thibodeaux, 1996). The sum of upward molecularfSeptember. Similar patterns were observed in 1997 and
diffusive flux of DO to the epilimnion and downward 1999.

flux to the hypolimnion, assuming DO gradients of Given the possibility of independent rates of

3 mg/L/m, would reduce DO in the 8-m thick metalim- yotosynthesis and respiration that could occur, control
nion by about 0.01 mg/L over a period of 3 months.  of po concentration in the metalimnion between 13
Thus, DO concentrations in the metalimnion are not 5n4 14 mg/L during the 6-month stratified period likely
affected materially by vertical transport and DO generyyas the result of some identifiable mechanism, rather
ated (or consumed) in the metalimnion accrues until g by chance. The mechanism appears to be other
the thermocline deepens in the fall. than control through oxygen solubility. The saturation

Plants respire continuously through light and ~ concentration for oxygen (not air) computed from
dark periods, but conduct photosynthesis only during Henry’s Law (Stumm and Morgan, 1996) for DO at a
light portions of the day. Plant growth occurs when ~ depth of 8 m (1.8 atmospheres) and@%s approxi-
photosynthesis minus respiration, its chemical oppositéately 60 mg/L and would be greater still at metalim-

reaction, is positive according to the reaction netic temperatures. Neither are DO concentrations
limited by the physiology of plants, which are capable
photosynthesis- of generating DO concentrations greater than 14 mg/L,
6CO, + 6H,0 = CgH1,0q+ 60, . (6) as has been observed below the thermocline of other
- respiration lakes (COIe, 1975)
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A conceptual model was formulated during this supply the metalimnion. But respirative degradation of
investigation that metalimneti2O was controlled by  particulates, whether present on the bed-sediment
nutrient limitation and supply. Relations between N, P,surface or descending from the surface as detritus, con-
DO, and organic carbon were assumed, for the pur- sumes DO. Under the conceptual model, a series of
poses of the model, to be fixed by the stoichiometry ottloudy days or turbid water might cause negative net
photosynthesis and respiration, expanded from equa- metalimnetic production, that is more respiration than
tion (6), as given by Stumm and Morgan (1996) of  photosynthesis, and result in a decrease in DO and a

release of nutrients. Similar decrease might be caused
106 CQ + 16 NG + HPQi? +122 O + 18 H by respirative degradation of a heavy detrital fall.
When light penetrated again, however, net production
and DO generation could advance, but only in propor-
=(C106 H2630110N16P) + 138 Q. (7) tion to the amount of P released by respiration, generat-
ing photosynthetic DO in the process equivalent to the
These stoichiometric ratios, on average, are measuredP?O amount lost in respiration.
in analyses of phytoplankton and have been found on The conceptual model described here is consis-
average in many analyses of deep seawater (Broecketent with available data, but has not been verified by,
and Peng, 1982) and lake water (Stumm and Morgan,for example, direct measure of nutrient limitation in
1996), where phytoplankton constituents are Nitella. An alternative model for DO control is light
metabolized by bacteria and returned to solution. limitation of plant growth. Light limitation is consistent

According to the conceptual model, plant growth With the correlation of new plant shoots and Secchi
in the spring in the metalimnion exhausts available  disk depth, but does not provide a mechanism for main-
supplies of nutrients, especially P, which is growth  taining DO at a particular value. Although the cause of
limiting. The metalimnetic plant growth likely begins ~constant metalimnetic DO remains uncertain, the
before thermal stratification because of increased lightmplication of constant DO, that net metalimnetic
penetration through the water surface in the spring angroduction after April is zero remains essentially true.
continues into the beginning of thermal stratification.

+ trace elements and energy

The plant growth generates DO, which builds up after Dissolved Oxygen in the
stratification, accounting for the high DO concentra- Hypolimnion
tions in the metalimnion during April (fig. By. The During stratification, DO decreases in the

DO concentration does not exceed about 13.5 mg/L  hypolimnion, where bacterial respiration dominates, in
because available P in the metalimnion—from storageyroportion to the amount of algal biomass that settles
in overwinteringNitella, remineralization of the early  down from the sunlit surface water. By late fall, virtu-
spring algae, or other sources—becomes exhausted. ally all the of the DO stored below a depth of 15 m in

Once P is depleted in the metalimnion, DO can not  \naiden Pond has been consumed (figh)17
increase, because continued plant growth, which is

what results in DO increase, would require more nutri-
ents. Conductance, pH, Nitrogen,

External sources of nutrients from, atmospheric Phosphorus, Iron, Manganese, and
deposition, and swimmers—enter the lake primarily Internal Nutrient Recycling
through the epilimnion. Ground water, from uncon-
fined aquifers, is discharged preferentially to lakes at Conductance varied during the investigation
the water table (Pfannkuch, and Winter, 1984). Trans-from 83 to 92uS. These relatively low values are indic-
port of dissolved nutrients from above or below the  ative of the relatively insoluble crystalline rock materi-
metalimnion is blocked by thermal stratification als in the aquifer constituting the drainage area. As
restrictions on vertical mixing. Even though dissolved noted previously, the conductance is increased some-
sources of nutrients are blocked during stratification, what by the septic plume water and runoff from State
nutrients from degrading particulates continue to Route 126 (fig. 4).
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Measured pH varied from about 6.5 throughout P was measured as total P and as total dissolved
the water column during winter and spring mixing to P (fig. 21). The total P--total-dissolved P couple
about 8.5 in the metalimnion during the temperature (fig. 21) corresponds to a degree to the organic-plus-
stratified period (fig. 19). Measurements of pH in the NH; N—NO3™ couple. Like N, P is a component of
hypolimnion decreased slightly qluring strat_ification_ _ biomass and total P indicates the abundance of phy-
from about 6.5 to 6.0. Changes in and vertical stratifi- toplankton. Like NQ, total dissolved P is increased by

cation of pH values result from generation and use of h . lizati f oh lank he eff f
CO» during photosynthesis and respiration. The well- the remineralization of phytoplankton. The effect o
' DO is different on P than on N however, because total

known relation is caused by G@rmation of carbonic i .
acid, CO + Ho0 -> HCOs, which in turn can dissoci- dissolved P does not ch'ange form where DO'IS

ate and contribute hydrogen ion to solution (Stumm depleted. In fact, total dissolved P concentration
and Morgan, 1996). Because of the connection of pH increased in the deep water in the stratified period,
with COp, initial production and subsequent balance inwhere DO depletion occurred. The increase may be
the metalimnion can be tracted by pH. As documentedssociated with reductive dissolution of sediment Fe
in figure 19, the seasonal pattern of pH change is simiStauffer, 1986), with which Pﬁ, a component of

lar to that of DO, which as discussed is indicative of netotal dissolved P, associates.

primary production.

The cycling of N, P, Fe, and Mn is affected by a ousl q 9 C . th th
combination of thermal stratification, and by plant as previously stated, was 59. Comparison with the

growth in the epilimnion and metalimnion, plant set- Redfield ratio of 16 indicated phosphorus limitation.
tling, and plant remineralization in the hypolimnion. ~Monitoring the N to P ratio in the epilimnion is more
The dissolved concentration of these elements can indfirectly indicative of potential limiting nutrient,
cate the effect of geochemical redox state on nutrient because variable recycle may alter ratios there from the
release or sequestration by the bed sediments. ratio of input. The pattern of total nutrient concentra-
Measurements of N in the water column were tions in the epilimnion during the summer—about
analyzed as total combined organic-and-ammonia 0.2 mg/L for organic-plus-NgIN and about 0.006 to
(NH3) N, and as dissolved NOplus-nitrite (NQ) N.  0.010 mg/L for total P—did not change substantially
Organic N, a component of biomass, indicates where qyring the years of summer sampling. These concentra-

: +
phytoplankton is abundant. Ntand NH" are the: tion ranges correspond to atomic N to P ratios of 44 to
forms that dissolved N takes in reducing conditions, 74, similar to the ratio of inputs, and confirm that P

and NG and NG are the dissolved forms of N imited plant growth in the water column

present under aerobic conditions. A series of plots of I\ll P g '
concentration and depth (fig. 20) indicates the effect of The interaction of N, P, Fe, and Mn with DO and
stratification and DO depletion on the N species. In the effects of temperature stratification were apparent
March, before temperature stratification, &@nd in the late-stratification period (September, fig. 22).
organic-plus-NH N were uniform in the water column, NOg, P, Fe, and Mn were depleted in the epilimnion
with NOg™ about one third the concentration of the 54 the metalimnion. The nutrients likely were
organic-plus-NH N. During the stratified period, NO  gpqorhed by phytoplankton aNitella in those zones:

ﬁndocl)irr?]i?(;fl_zlljjtst_jli\\lgi\l gde?r??hg)ubuIlgrli/\r/)altr(]erth\‘/svhere Fe and Mn were not present because high pH and con-
yp 9 bp ' centrations of DO keep these elements in insoluble

NOz depleted and ic-plus-gIN followed
s was depleted and organic-plus-iiN followe oxide forms. In the upper hypolimnion, N@oncen-

the biomass concentrations. Later in the stratified - ] ]
period, (August and September), denitrification and tration reached a maximum value, but P concentration

reduction of N@", and ammonification of organic remained low. In the lower hypolimnion, where DO
matter in the deepest 5 m of the lake, where oxygen Wwas completely depleted, P, Fe, and Mn concentrations
became completely exhausted, resulted in depleted increased, but N concentration decreased because
NO3™ and increased levels of organic-plus-N§i of denitrification and reduction to NH

The N to P ratio for annual input of nutrients,
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Figure 19. Distribution of pH in Walden Pond, Concord, Massachusetts, March 1997—August 1999. (White dots indicate pH measuring points.)
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Figure 20. Total organic-plus-ammonia nitrogen, and dissolved nitrate-plus-nitrite nitrogen concentration-depth profiles in
Walden Pond, Concord, Massachusetts, March—September 1998. [For profiles of May 27, 1998, June 23, 1998, nitrate
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Figure 22. Depth distribution of nitrogen, phosphorus, dissolved oxygen, and temperature from September 23, 1998;
and iron, sulfate, and manganese from September 10, 1997, in Walden Pond, Concord, Massachusetts.

The ratio of S to Fe is thought to determine which P adsorbs, are not available—and in anaerobic
the relative availability of Fe for interaction with P conditions, because Fe is not released with the P to pre-

in lakes. Under reducing conditions, sulfide forms  CiPitate upon oxidation (Stauffer, 1987).

and ties up F& in FeS precipitate. Hard-water lakes Aqalysis of the concentration_ prqfiles in figur_e
with abundant SGx from dissolution of carbonate 22 also indicates the degree to which internal cycling
4 of nutrients takes place. That N was recycled clearly

rocks generally have little Fe available for association 55 indicated by the increased concentrations of N spe-
with P (Stauffer, 1987). Walden Pond, although soft  cies throughout the hypolimnion. Increases in total dis-
water, has several additional sources 012$(Dcluding solved P, by contrast, were restricted to the anaerobic
the septic p|ume and swimmers. Fe concentrations in Z0ne in the deepest water. During most of the stratified

the anaerobic layer of about 3 mg/L were intermediate?€710d, the anaerobic zone was so far removed from the

. euphotic zone that none of the released P could be
between those measured in hard (0.06 mg/L) and sOﬂfeused. Even when thermal destratification reaches this

water (20 mg/L) systems (Stauffer, 1987). Where Fe i$,qne ysually sometime after mid-December, associated
tied up by S, P is thought to recycle more efficiently—pO would likely precipitate Fe and a portion of the
in aerobic conditions, because Fe-hydroxides, on POy
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Nutrient recycling in Walden Pond at the end of representative of current bloom conditions), and thus
stratification may be greater than recycling that occurds a useful measure to establish baseline data on
during the stratification period. Near the end of stratifiproductivity of Walden Pond.

cation, the annual recycling of P may be substantial in

that DO decreased to zero in the entire hypolimnion
just prior to turnover (fig. 17). This condition likely

Investigators have computed HOD in various
ways to determine actual, absolute, relative, apparent,
and real oxygen deficits (Hutchinson, 1975). These

released the Fe-bound P that had been accumulating Wtarious computations consider whether the lake is

the sediment during the summer.

Historical and Between-Lake
Trophic Assessments

assumed to be at oxygen saturation in the spring,
whether measured spring DO values are used, and
whether the volume of the hypolimnion at each depth
or simply a column of water is used in the computation.
HOD based on measured spring conditions and hori-
zontal volume elements of the hypolimnion associated

The relations between plant growth and cycling With each DO concentration in a profile most closely
of water-column chemical constituents can be used inconnects the amount of DO used with the amount

comparative investigations of trophic ecology. These

of plankton falling from the epilimnion in a given

assessments include historical comparisons within a growth season. When calculated by these methods

specific lake and comparisons among lakes.
Trophic State from Water-Column
Assessment

Trophic state can be measured on the basis of
DO consumption in the hypolimnetic water during

and expressed in units of time per surface area of the
top of the hypolimnion surface, HOD is termed the
relative hypolimnetic areal deficit (Hutchinson, 1975).
The degree of interconnectedness among the
three basins of Walden Pond must be considered in
the computation of HOD from DO profiles that were
measured only at the deep-hole station, because DO

stratification. The rate at which lakes consume DO in profiles from the east-end basin diverge at depths
their deep water during respiratory degradation of the below the sill from DO profiles from the deep-hole

particulate organic carbon (largely dead phytoplank-

basin. The top of the hypolimnion used in the HOD

ton) that falls from the epilimnion has been quantified computations was taken at 13.5 m, approximately the

as the hypolimnetic oxygen deficit (HOD) and com-

level of the sill between the east and middle basins, so

pared among lakes (Hutchinson, 1975). The measurethe HOD can be calculated on the basis of a hypolim-
ment of HOD can be used, as are nutrient budgets andion area and DO content exclusive of the east-end

standing crops, to establish trophic state (Walker,
1979). HOD is most informative in lakes like Walden

basin. No DO profiles were measured in the middle
basin, because its existence was not known until well

Pond that are deep and relatively oligotrophic, becausmto the investigation. For the purposes of HOD calcu-

their deep-stored DO content is large and not con-

lation, deep-hole station DO concentrations were

sumed too quickly after stratification, in which case theapplied to volumes in the middle basin at the same

HOD record ends. In addition, lakes low in organic

carbon (humic substances) derived from the watershed,

level.
The May through July HOD values computed

like Walden Pond, are favored for HOD interpretation during the 3 years of biweekly monitoring and

because consumption of DO by humic substances

additional 2000 data are nearly identical (0.049,

would obscure the relation between HOD and in-lake 0.050, 0.051, 0.048 mgA@nm?/d) from 1997 through

productivity. Comparison of HOD at different times

2000. The small difference in values at Walden Pond

during a season indicates when respiratory degradatiotean be compared with eutrophic Lake Mendota

of the organic matter in plankton is greatest. Annual

(0.11 g Q/cm?/d) in Wisconsin (Hutchinson, 1975).

comparisons are useful in identifying trends in produc-The constant values at Walden Pond result despite

tion of water-column organic matter through time.

potential changes in P input during measurement years.

HOD is a stable and sensitive measurement, becausefbr example, the swimming beach at Walden Pond was
reflects the summed phytoplankton production occur- closed during the July 4th weekend in 1997. In addi-

ring during the entire stratified period (contrasting
chlorophyll concentration data, which are more

tion, substantial amounts of phosphate fertilizer equiv-
alent to the entire annual P budget for the lake—were
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applied to shoreline plantings in connection with a  Historical Dissolved-Oxygen
bank stabilization program in 1997 and 1998. A betterProfiles
understanding of variation in HOD is obtained by con- Historical DO profiles from Walden Pond pro-

sidering the DO content of the hypolimnion on a vide an indication of how nutrient cycling and trophic
week-to-week basis during this time period. state may have changed through time. Four historical
HOD and variation in development of HOD are Summer profiles (data and data sources fig. 24) are
indicated by hypolimnetic DO content plotted with ~ available (1939, 1992, 1994, and 1996). These profiles
time (fig. 23). The slope of the curve represents the indicate t_hat oxygen depletion is more r_:ldvanced in late
HOD. During the 3 years of biweekly monitoring, summer in 1994 gnd 1996 than in previous years and
1997-99, hypolimnetic DO content was similar at the mdlcate progresswe'ly greater metall_mnlon DO prodl_Jc-
beginning of April. DO in the hypolimnion was com- tion than do the earlier profiles. The increased hypolim-

e netic DO depletion could be interpreted as a greater
pletely consumed by the end of stratification in the fa”'settling of phytoplankton biomass that resulted from

As a consequence, the curves start together in April growth of a larger biomass and a greater supply of
diverge and then converge after August as complete nytrients to support the growth. The increased metalim-
consumption of DO is approached. During 1997, the netic production would follow from the hypothesized
slope in April was less than that of April 1998 and greater availability of plant nutrients.

1999. After April, slopes were approximately the same Historical changes in HOD can be estimated
during the three years studied. The offset of the 1997 from a few historical DO profiles available for Walden
data from that of 1998 and 1999 apparently was causeRond. The biweekly DO data used to establish the

by differences in DO use (or resupply in the poorly  1997-99 HOD baseline (fig. 23) give a context for his-
stratified April water column) before May. torical profiles (one per summer) from 1939, 1992,

9,000

8,000 |[—

7,000 |—

6,000 [—

5,000 |—

4,000 [—

3,000 |—

2,000 |—

KILOGRAMS DISSOLVED OXYGEN
IN HYPOLIMNION BELOW 13.5 METERS

Convergence —

1,000 |-
No dissolved oxygen

0 ! ! ! ! ! ! ! !
MAR. APR. MAY JUNE JULY AUG. SEPT. OCT. NOV.

Figure 23. Dissolved oxygen content of the hypolimnion of Walden Pond, Concord, Massachusetts, during
summers of 1997, 1998, and 1999 (lines); dissolved oxygen content from single profiles in 1939, 1992, 1994,
1996, and 2000 (blue symbols); and lines projecting dissolved oxygen content for summer of 1939 (A-B and
C-D).
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occur. As indicated by freeze and breakup dates of ice
on lakes in the Northern Hemisphere, stratification
duration may have increased by 12 days per 100 years
from 1846 through 1995, or about 8 days since 1939
(Magnuson and others, 2000).

According to the analysis described above, HOD
has doubled since 1939, which implies that historical
inputs of nutrients were less than present inputs. But
the relation between nutrient supply and plant growth
is not necessarily linear and can temporally lag, in part
because of buildup and release of P in the lake bed sed-
iments. Although pre-recreational Walden Pond may
have received less nutrient input, nutrient inputs may
have been large in the past. One thousand swimmers
were observed at the 1939 sampling (Deevey, 1942).
A TheConcord Heralcthewspaper reported on September
o 2 4 6 8 10 12 14 16 5, 1935, that summer Sunday afternoon crowds

DISSOLVED OXYGEN, reached 25,000 at Walden Pond and that total summer
IN MILLIGRAMS PER LITER attendance was 485,000. The effect of initial increases
in nutrient supply would be decreased because of P
Figure 24. Historical dissolved oxygen profiles for S_eql'_leStre_itlon by the Sedlme_nts' As t_he Sed'_ment'
Walden Pond, Concord, Massachusetts. [1939 data binding sites for P became filled, an increasingly larger

are from Deevey (1940); 1992 data are from Arthur fraction would have been included in internal recy-
Screpetis, Massachusetts Department of Environmental

LA L L B B L
—®— 8/6/39
—4— 7/16/92
—O— 8/23/94

10|~ 7229

15

DEPTH, IN METERS

20

25

Management, written commun. (1994): 1994 data are cling. To the extent that DO in the hypolimnion becamg
from Baystate Environmental, Inc. (1995): and 1996 depleted, sequestered P would be released by reductive
data are from this investigation.] dissolution of Fe minerals on which P was adsorbed.

The first occurrence of DO depletion at a given level in
1994, and 1996 (fig. 23). Depending on spring condi- the hypolimnion may have been associated with a
tions, the 1992 through 1996 profiles may represent substantial bed-sediment release of P, which had
conditions similar to those measured during the accumulated with Fe, since the formation of the lake.
detailed monitoring. The 1939 profile deviates more If HOD could be reduced to the rate present in
substantially from the others. This profile, measured 1939 so that DO was not exhausted in the final weeks
before membrane-electrode oxygen probes were avaiefore turnover, then annual accumulation of P in the
able, was based on the accurate Winkler fitration  pypolimnetic sediments might begin again, with conse-
method as described in Deevey (1940). The 1997-199§ent increase in water clarity. Because some DO
data indicated that DO was consumed at an approxi- remains in the hypolimnion until nearly the end of

mately constant rate during the summer. If early springratification, the degree of P input decrease necessary

constant depletion rate would run along line A-B, and
1939 HOD would be 0.015 mg/éd, or 30 percent of . .
) Comparisons of Dissolved

the current rate. Lower HOD in the past, however, may,

. . . . : . Oxygen Among Lakes
be associated with higher spring hypolimnetic oxygen
content, so that line C-D, (HOD of 0.021 mgféd) Simple comparison of DO profiles among lakes
may be more accurate. Both projected lines run indicates the consequences of the variability in HOD
through the historical August 1939 point and indicate among lakes (fig. 25). Regarding deep DO in kettle-
that DO in the 1939 hypolimnion would not have beenhole lakes in eastern Massachusetts, Gull Pond in the
exhausted if Walden Pond stratified and turned over National Seashore Cape Cod (Portnoy, 1990) and
historically, at the same times as in the present. Later White Pond in Concord (Walker, 1989) show similar
stratification and earlier turnover result in less DO DO concentrations in the metalimnion to Walden Pond
depletion because there is less time for DO depletion tand similar DO deficits in the hypolimnion. Ashumet
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T Other kettle-hole lakes in eastern Massachusetts

0 —rr— T——T T ——
] have degraded episodically in water quality. In
] November 1998, the kettle-hole lake Cliff Pond in
] Nickerson State Park on Cape Cod, Mass., developed
] a substantial cyanobacterial bloom that was blown
B to the shore by the wind. The decaying biomass
@ : smelled bad and contained naturally occurring toxins
“EJ 1 (S. Nichol, Massachusetts Department of Environmen-
S ] tal Management, oral commun., 2000). Two dogs that
= ] drank water from the downwind shore died, a con-
E ] firmed consequence of cyanobacterial poisoning. The
w 20 Gull Pond 8/04/99 < bloom, which did not recur in 1999 or 2000, was unex-
—O—  Walden Pond 7/29/99 pected in that Cliff Pond is a deep (26 m), generally
- —A— Ashumet Pond 8/9/99 clear-water lake, surrounded by park land. It is
--0-—  White Pond 8/3/88 . assumed that Cliff Pond probably does not have a large
1 P-input budget on a lake-area basis. Complaints regard-
ol Lo b Ly L L b Ly | ing increased plant growth have been registered for
© 2 4 6 8 10 12 14 16 Ashumet Pond and fish kills have occurred, although
DISSOLVED OXYGEN, IN MILLIGRAMS PER LITER not with yearly frequency (K-V Associates, Inc., 1991).
Although loading of P to Ashumet Pond (estimated 208
Figure 25. Comparison dissolved oxygen profiles for to 255 kglyr, Jacobs Engineering, 2000), is probably
Egﬁféﬂ#gﬁﬁa&gﬁﬁzr s\t,té?égﬁligki séﬁrfsg:gf\t,vi?{;d’ much larger than to Cliff Pond, there are no recorded
Pond, Concord; and Gull Pond, Wellfleet. poisonings from cyanobacteria blooms for Ashumet

Pond. The kettle-hole lakes appear to be subject to epi-
Pond, also on Cape Cod, differs with dissolved oxygersodic water-quality degradation even when external
depletion in the metalimnion and the hypolimnion nutrient loading, such as from ground-water sources,
(Jacobs Engineering, 2000). Nutrient inputs are from appear to be constant. The question remains whether
water fowl, swimmers and septic leach fields of 21 Wwalden Pond could develop a substantial bloom of
summer residences at Gull Pond, swimmers and resi-cyanobacteria such as in Cliff Pond in 1998 or become
dences on White Pond, Concord, and ground-water subject to fish kills, as has Ashumet Pond, without
discharge of P and N from a sewage plume (with P receiving the considerably greater per-area nutrient
transport) and residences at Ashumet Pond. These cofading of Ashumet Pond.
parisons verify the sensitivity of HOD to trophic state
and highlight a key aspect of trophic variability among .
lakes in the oligotrophic to mesotrophic classification: Cliff
the depth of the oxygenated zone.

The consequences of eutrophication, present in
Pond and Ashumet Pond, likely could be pre-
vented in Walden Pond by maintenance of DO in the
metalimnion. An oxygenated metalimnion decreases
internal recycling of phosphorus. Currently (2000), the
Trophic Stability high, constant concentration of DO of the metalimnion

is a prominent feature of stratification in Walden Pond.

Walden Pond may have become more eutrophicAccording to the conceptual model developed in the
since 1939, but the water still is clear and the lake  section “Dissolved Oxygen in the Metalimnion,” met-
remains attractive to the public. Metalimnetic DO alimnetic DO in Walden Pond is increased at the onset
levels remain high throughout the stratified period so of stratification by spring expansion of the metalim-
conditions for trout are favorable and the principal netic plant biomass that proceeds until nutrient limita-
plant biomass consists of deep-growing macroalgae. tion. DO is maintained at a high level through a
Does the ecologic health of Walden Pond require a  nutrient regulated balance of biomass degradation and
decrease in nutrient input in an attempt to achieve moreegrowth until destratification in the fall. According to
oligotrophic conditions? The answer depends on the the conceptual model, stability would be altered if
stability of the present condition. shading of the metalimnion, such as from increased
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growth of phytoplankton, switched control over metal- years. There is insufficient HOD data between 1939

imnetic plant growth from nutrient to light. The con- and the present to estimate whether the present level

ceptual model has not been tested, however, nor is thef eutrophication has reached a new steady state or

stability of the proposed regulatory mechanism knownrather that HOD has increased continuously since
On the basis of plant biomass alone, the stability1939. Unlike the trophic perturbations in many lakes,

of the present trophic condition of Walden Pond likely which result in part from alteration of drainage,

involves the ecology of the macroaldditella, which hypothesized anthropogenic nutrient inputs to Walden

grows in the metalimnion of Walden Pond with a bio- Pond potentially could be controlled.

mass 17 times greater than that of the phytoplankton

in the epilimnion and metalimnion combined. Stross

and Rottier (1989) hypothesized tixitella helps Trophic Ecology and

maintain good water quality by uptake of nutrients, Management Options

transfer of nutrients to the sediment at die-off, preven-

tion of fine-particle resuspension, and facilitation of At present, the water quality of Walden Pond

coagulation of colloids. Nygaard and Sand-Jensen  appears to be desirable and may not require manage-

(1981) hypothesized that the deep-growing charophyt&ent. Managing Walden Pond and its ground-water

Species prevent release of Fe-bound phosphate to thecontributing area in a nutrient qux/eutrophication con-

water column by releasing oxygen near the sediment-text could be needed only with changing conditions.

water interface. In two European studies (Melzer, ~ These conditions could include long-term changes in

1999; Riis and Sand-Jensen, 1998), presentiiteifa  Septic-system P retention by the aquifer, delayed

has been associated with clear-water conditions and €utrophication effects from past or current nutrient

later absence dfitella with more turbid, eutrophic !oads,_(_)r concern rggarding potenti_al water-quality
conditions. In Lake George, N.Y., lower biomass den- instability and the size of thditella biomass.
sity of Nitella was associated with the oligotrophic Concerns about desorption of P from the aquifer

northern basin, compared to larger biomass density incan be addressed by monitoring ground water in the
the more eutrophic southern basin (Stross and otherswells just downgradient from the septic leach field. As
1988) and eventual disappearance in the formally modong as P concentrations in the septic plume remain at
productive areas (R.G. Stross, State University of Newpackground levels in those wells, plume associated
York—Albany, oral commun., 1997). Whereas investi- transport is not occurring.

gation is lacking that establishes a cause-and-effect Other concerns about delayed effects of current
relation betweelitella and water quality, cause and nutrient loads, water-quality instability, aNatella bio-
effect has been established for shallow-growing mass all could be addressed by decreasing P load. The

benthic-algal charophytes, with more completed expeeffect of decreasing P load could be monitored by
imentation (Scheffer, 1998). Charophytes, of which HOD assessment. If HOD is seen to decrease, then the
Nitella is a deep-growing member, have been reintro- delayed effects of nutrient load necessarily would have
duced in turbid shallow ponds to reestablish clear-  been overcome. Decreased P load would minimize the
water conditions that were lost because of shading of hypothesized tendency toward instability, by increasing
former benthic algal populations. water clarity and depth of DO generation, and decreas-
Without further investigation, the role, mecha- ing the amount of phytoplankton sedimentation and
nism, and, thus, the stability biitella for maintaining DO consumption. Decreased P load should decrease
DO in the metalimnion remain a matter of conjecture. the thickness of DO depleted water in the hypolimnion
Given the uncertainty over current metalimnetic regulaand decrease the amount of P recycled from the sedi-
tion, the importance of the nutrient budget and histori-ments. TheNitella population should grow less and,
cal data is increased. Substantial eutrophication has thus, be less subject to die-off from self shading.
occurred since the historical DO data collection at ~ Because the principal source of anthopogenic nutrients
Walden Pond in 1939. The principal anthropogenic is from swimmers, decrease of the source might be
perturbation causing eutrophication is the hypothesizegossible through a swimmer-education program.
swimmer input of nutrients. Because of the long recre- If nutrient input can not be decreased, manage-
ational history at Walden Pond, increased nutrient inpuient efforts could concentrate on prevention of other
may have resulted over a period of more than 100  circumstances that would decrease water clarity and
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light penetration to the metalimnion. Road runoff and pond, and its ground-water contributing area. Approxi-
bank erosion should be avoid&krouting runoff from  mately 6 percent of the inflow from ground water is
State Route 126 would decrease turbidity associated derived from Goose Pond. Lake-derived ground water

with storm runoff. Any runoff water rerouted from from Walden Pond discharges into the Sudbury and
direct discharge to Walden Pond to infiltrate to the ~ Concord Rivers or to wetlands and streams draining
ground water instead would have turbidity and P into these rivers.

largely removed. The bank stabilization program com- A water balance for Walden Pond, used to

pleted in 1997 through 1998 had a potential for tempogerive a nutrient budget, was based on average annual
rarily increasing turbidity because soil was moved at conditions from 1995 through 1999 because the water-
the shore and in some cases heavy equipment was  residence time of the lake was calculated to be about
driven into shore water. The turbidity curtain which 5 years. There was no change in long-term lake

was installed to restrict sediment movement to near- storage during this 5-year period. Precipitation on the

shore areas was an important precaution. lake surface accounted for 45 percent of the inflow
Continued monitoring of HOD, and the amount (1.215 m/yr) whereas ground-water inflow contributed
and distribution oNitella would be useful with or 55 percent (1.47 m/yr expressed as depth of water over

without a nutrient-reduction program. HOD is likely  the lake surface). The ground-water inflow estimate
the most sensitive measure of trophic state available faras based on the average of two different approaches.
Walden Pond. One approach used the size of the contributing area and
the recharge rate to the aquifer from precipitation. A
second approach was based on an isotopic mass-
SUMMARY AND balance, which uses the stable isotopes of oxygen and
CONCLUSIONS hydrogen that naturally occur in water. Outflow from
evaporation from the lake surface accounted for 26 per-
Walden Pond, the deepest lake in Massachusettgent (0.71 m/yr) and lake-water seepage to the aquifer,
has historical, naturalistic, and limnological impor-  cajculated as the residual value of the water balance,
tance. Walden Pond is a kettle-hole lake, 30.5 m deepgccounted for 74 percent of the outflow (1.97 m/yr).

with 249,000-r surface area, located 24 km west  Ground water is the dominant pathway into and out of
northwest of Boston, in Concord, Mass., with a water-\alden Pond.

shed that extends into Lincoln, Mass. Located in a

large metropolitan area, the pond potentially is threat'potential sources of nutrients to the lake from a landfill

ened by factors common to urban development. That and a trailer park, but the Reservation septic leach field

Walden Pond retains clear, generally good water qual- : . ; o
, . and leach fields from private residences are within the
ity attests to conservation efforts that protect the woods

: : .~ contributing area. At present, nitrogen from the septic
nd shor rrounding th nd. ions remain ) ’ .
and shore surrounding the pond. Questions rema leach field of the Walden Pond State Reservation head-

whether these conservation efforts will continue to pre-
serve lake-water quality. The U.S. Geological Survey, quarters and bathhouse reaches Walden Pond, but phos-

in cooperation with the Massachusetts Department Ofphprus is removed_during transport with the'net efrec_t
Environmental Management, began an investigation iipf increasing the nitrogen to phosphorus ratio of nutri-

1997 to document present water-quality conditions an(ﬁa_nt inputs_s. Nutrient budgets for the Ia_ke indicated that
collect baseline data for Walden Pond. nitrogen inputs (858 kg/yr) were dominated (30 per-

The ground-water contributing area cent) by plume water a_lnd, possibly, by swimme_rs (34
(621,000 M) of Walden Pond was determined from percent). Pho;phorus mpgt. (32 kglyr) was dominated
water-table information in areas of stratified glacial by atmospherlp dry depQS|t|on, 'backgroun'd groupd
deposits, measured at near-normal levels in 40 moni- water, and estimated swimmer inputs. Swimmer inputs
toring wells and 8 ponds on July 19, 1999, and from may rep_resent more than 50 percent of the phosphorus
land-surface contours in areas of bedrock highs. load during the summer.

Results indicate Walden Pond is a flow-through lake. Walden Pond has become more eutrophic in this
Ground water flows into Walden Pond along the east- century and loses dissolved oxygen in deep water that
ern perimeter and lake water flows into the aquifer  historical dissolved oxygen measurements indicate
along the western perimeter. The Walden Pond contrikemained aerobic 60 years ago. Historical, and inter-
uting area includes Goose Pond, also a flow-through lake comparisons of plant production, and estimated

Walden Pond contributing area excludes nearby
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loads of nutrients to Walden Pond indicate the eutrophGraig, H., and Gorden, L.I., 1965, Deuterium and oxygen 18

ication of Walden Pond possibly could be reversed

through management action and deep-water dissolved
oxygen increased if phosphorus input to the lake were

decreased, possibly through a swimmer-education
program. This may benefit a population of a deep-
growing macroalgablitella, which is hypothesized to
maintain water quality by tying up nutrients in deep
plant biomass, generating metalimnetic dissolved
oxygen at the onset of stratification, and maintaining
high metalimnetic dissolved oxygen concentrations
during stratification.
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Appendix A. Delta deuterium and delta oxygen-18 of lake
water, ground-water inflow, and precipitation, Walden Pond,

Concord, Massachusetts

Date

Delta deuterium

Delta oxygen-18

(per mil) (per mil)
Walden Pond, East End Deep Area

6-09-98 -33.5 -3.98
7-06-98 -35.6 -4.14
8-04-98 -33.8 -3.61
9-08-98 -32.8 -3.78
10-20-98 -34.3 -3.77
11-18-98 -34.3 -3.84
12-21-98 -34.4 -3.85
3-18-99 -34.3 -4.04
4-30-99 -34.0 -4.03
6-07-99 -32.3 -3.68

Well LVW 30
7-10-98 -59.7 -9.57
8-12-98 -60.4 -9.68
9-18-98 -60.1 -9.60
10-20-98 -60.1 -9.63
11-20-98 -61.7 -9.56
12-11-98 -60.4 -9.71
1-20-99 -60.6 -9.54
2-18-99 -59.5 -9.39
3-24-99 -57.7 -8.95
4-26-99 -53.5 -8.63
6-04-99 -52.5 -8.56

Well LVW 33
2-18-99 -60.9 -9.64
4-26-99 -58.3 -9.12

Well CTW 203
10-20-98 -59.0 -9.20
12-11-98 -58.2 -9.27
2-18-99 -56.3 -9.10
4-26-99 -58.1 -9.28

Precipitation, monthly bulk sample

July 1998 -40.4 -6.55
August -29.2 -5.33
September -50.4 -7.87
October -40.7 -7.25
November -41.9 -7.46
December -72.9 -11.23
January 1999 -41.7 -7.90
February -47.4 -8.89
March and April -47.2 -8.16
May -29.5 -5.31
June -41.2 -6.42
July -19.8 -3.26
August -37.2 -6.21
September -55.8 -8.63
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	Figure 1. Location and setting of Walden Pond, Concord, Massachusetts.
	Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
	By John A. Colman and Paul J. Friesz
	Abstract


	The trophic ecology and ground-water con�tributing area of Walden Pond, in Concord and�Lincoln, M...
	Potential point sources of nutrients to ground water, the Concord municipal landfill and a traile...
	The septic-system plume did not contribute phosphorus, but increased the nitrogen to phosphorus r...
	INTRODUCTION

	Walden Pond, the deepest lake in Massachusetts, has great historical, naturalistic, and limnologi...
	The cooperative investigation of the geohydrology and limnology of Walden Pond by the U.S. Geo�lo...
	The authors especially are indebted to�Ariane Mercandante (U.S. Geological Sur�vey) for help with...
	GEOLOGIC SETTING AND BATHYMETRY

	Walden Pond is a kettle-hole lake, formed at the�end of the last glaciation (Wis�consinan stage) ...
	The bathymetry of Walden Pond reflects the shape of the original ice block and the topography of ...
	HYDROLOGY

	The aquifer underlying and surrounding Walden Pond, composed of stratified glacial deposits, is b...
	Data-Collection Methods

	Water levels collected at 40 monitoring wells and�8 ponds (fig. 4) provided data on water-table f...
	Water samples for isotopic analysis were stored in glass bottles with polyseal caps to prevent ev...
	Water-Table Configuration and Extent of the Ground-Water Contributing Area

	The altitude and configuration of the water table in areas of stratified glacial deposits surroun...
	The water-table map indicates that Walden Pond is a flow-through lake in which the aquifer serves...
	The Walden Pond ground-water contributing area is mainly within the Reservation Boundary and othe...
	Lake-derived ground water flows towards and discharges into the Sudbury and Concord Rivers or to ...
	Ground-Water and Lake-Stage Fluctuations

	Ground-water levels in the aquifer surrounding Walden Pond fluctuate because of seasonal and long...
	Water levels in well CTW165, located about 400�m north of Walden Pond near the intersection of Ro...
	The hydrograph from CTW165 (fig. 6) indicates, in general, that water levels rise from winter thr...
	Water levels from Walden Pond show a fluctuation pattern that is similar to the ground-water hydr...
	Long-term variations in water levels, reflective of long-term storage changes in the aquifer and ...
	Water-level altitude in CTW165 and of Walden Pond, measured on July 19, 1999, to prepare the wate...
	Water Balance

	A water balance is determined by measuring or estimating the inflows and outflows to a lake and t...
	DS = P + GWi - E - GWo , (1)

	The water balance for Walden Pond was defined based on average annual conditions during the 5-yea...
	Precipitation and Evaporation

	The average annual precipitation on Walden Pond and surrounding area during 1995–99 was 1.215�m, ...
	Ground-Water Inflow

	The ground-water inflow rate to Walden Pond was determined by using contributing-area and isotope...
	The isotope mass-balance approach is based on stable isotopes of oxygen and hydrogen that natural...
	Contributing-Area Approach

	Recharge to ground water was estimated based on mean annual runoff from watersheds drained by str...
	The ground-water contribution to Walden Pond from Goose Pond for 1995–99 was determined by a wate...
	The average annual ground-water inflow to Walden Pond totals 335,000 m3/yr or, expressed as depth...
	Isotope Mass-Balance Approach

	The isotope mass-balance approach combines the water-balance equation (equation 1) with an isoto�...
	DS(dL) = P(dP) + GWi(dGWi) - E(dE)
	- GWo (dGWo) , (2)
	, (3)


	The temporal distribution of the isotopic composition of precipitation, ground-water inflow, and ...
	Values of d18O and dD of ground-water inflow, lake water, and rainfall-dominated precipitation sa...
	dD = 7.22d18O + 8.52 (n=11; R2=0.96).

	The isotopic composition of evaporated lake water was calculated indirectly based on an equation ...
	, (4)

	Monthly average values of the isotopic composition of evaporated water were calculated for ice-fr...
	Ground-water inflow calculated with equation 3 resulted in 1.73 m/yr for d18O and 1.45 m/yr for d...
	Average Ground-Water Inflow

	Ground-water inflow calculated on the basis of the contributing-area approach was 1.35 m/yr. Grou...
	Water-Balance Results

	Average annual inflow to Walden Pond for the 5�year period 1995–99, from precipitation and ground...
	LIMNOLOGY

	The primary public concern for Walden Pond relates to the trophic (nutritional) ecology of the la...
	External Inputs

	Sources and amounts of water that enter Walden Pond were described in the “Hydrology” section of ...
	Nutrient inputs for Walden Pond were estimated recently by Baystate Environmental (1995). The pre...
	Ground-Water Nutrient Inputs

	Ground-water nutrient inputs were divided into point-source and background contributions. Dependi...
	Sampling and Analytical Methods for Ground Water

	Chemical-constituent concentrations in ground water were determined by sampling 12 monitoring wel...
	Water quality was monitored in wells monthly during November 1998 to September 1999. Samples were...
	In October 1999, the 19 temporary drive-point wells (0.76 m below lake water level) were installe...
	With the exception of samples obtained for P analysis, total and dissolved samples were preserved...
	Geochemical Conditions in the Aquifer

	Determination of nutrient speciation and geochemical environment of the ground water was an inves...
	Geochemical conditions of the aquifer were determined by collection of samples from packer-sample...
	The four packer-wells sampled in March 1999 were aerobic; DO concentrations ranged from 7.0 to 10...
	The results described above indicate that ground water in the aquifer was aerobic and ground-wate...
	Ground-Water Point Sources

	Three large point sources were present that potentially could discharge nutrients to ground water...
	Ground-water flow direction at the septic leach field, as determined by triangulation among water...
	Comprehensive water analysis of selected ground-water samples (table 3) confirmed the plume prese...
	Nutrient load transported in the plume to Walden Pond could be estimated from the product of the ...
	N loss during leachate infiltration and transport can be determined by comparison of N concentrat...
	, (5)

	A plot of all the data and the theoretical end- member mixing line (fig. 11) indicates that the u...
	Sorption of the NH4+ onto negatively charged solids in the aquifer can cause losses from the sept...
	Deviation from end-member mixing occurs for the beach-perimeter samples where the relation betwee...
	Assuming 20-percent loss of N after discharge from the septic tank, concentration for the load co...
	In contrast to N, loss rates for P that occurred between the septic tank and ground water approac...
	Seventeen residential point sources (houses on septic systems) are in the Walden Pond contributin...
	Ground-Water Background Source

	Nutrient loads from background ground water�were determined by the product of an average backgrou...
	NO3--N background concentrations were measured in 39 samples from 9 wells located upgradient or o...

	Because P concentration was not significantly different in samples from the septic plume wells co...
	Atmospheric Deposition Source

	Atmospheric sources, especially dryfall, often are ignored in lake nutrient budgets or estimated ...
	Atmospheric inputs for both N and P were measured separately for wet deposition and dry depositio...
	Dryfall was collected in a precleaned, acid and deionized water rinsed plastic bucket (28.3 cm di...
	Wetfall samples were collected in an analogous processing, except that the buckets were put out d...
	Swimmer Source

	Walden Pond receives about 500,000 visitors per year, concentrated during the summer months. The ...
	Other Nutrient Sources

	Previous avian input estimates, which were sub�stantial when the nearby Concord Landfill was acti...
	Nutrient Limitation, Ratios, Source Size, Timing, and Disposal Strategies

	Often in aquatic ecosystems, all algal nutrients are in excess supply for algal growth except one...
	Nutrient sources in which N is substantially in excess may mitigate against blooms of cyanobacter...
	Control over the amount of algal biomass produced is exerted by the input load of the limiting nu...
	The swimmer source greatly affects the summer nutrient budget. If the nutrient budget is recomput...
	From perspectives of the amount and type of algal growth, an advantage was realized by routing wa...
	Nutrient Loading Trophic Index

	Nutrient transport and ways of decreasing nutri�ent inputs were presented in the previous section...
	Although the nutrient budget comparison indicated that Walden Pond was in a mesotrophic state whe...
	Plant Growth and Internal Cycling of Chemical Constituents

	Nutrient budgets are important to trophic ecology because they control plant growth; however, unc...
	Methods of Sampling and Analysis of the Water Column

	Secchi-disk depth and in-lake depth-profile data for pH, DO, conductance, and temperature were co...
	During 1998, samples of benthic algae (primarily the macroalga Nitella) were collected along eigh...
	Methods of water analysis used were as described for ground-water analysis except for the field p...
	Chlorophyll-a samples were filtered through a glass-fiber filter, dried (Godfrey and Kerr, 2000),...
	Temperature Stratification

	Distribution of constituents within Walden Pond, such as nutrients, DO, and even biomass is contr...
	Phytoplankton, Nitella, and Light

	Phytoplankton amounts can be determined from profiles of chlorophyll a (fig. 14). The conversion ...
	The epilimnetic chlorophyll-a average, often used to assess trophic state, was 1.2 and 1.6 mg/L i...
	Phytoplankton are not the only source of plant biomass in Walden Pond. Large stands of the macroa...
	Nitella biomass data are plotted as a function of�depth for each transect (fig. 15). Nitella grow...
	Total biomass of Nitella can be estimated as the product of square meters covered and an average ...
	The Nitella biomass of Walden Pond is large on a per-area-basis in comparison to other lakes that...
	The deep planktonic chlorophyll-a and Nitella maxima likely are associated with the clarity of wa...
	Interception of light by phytoplankton in the shallow depths decreases the light available for Ni...
	Data on phytoplankton and macrophyte standing crops do not indicate the amount of growth, because...
	Dissolved Oxygen

	Plant production and internal cycling of nutrients are coupled directly to DO, which is a product...
	During cold weather every year, Walden Pond, and most temperate-zone lakes, mix oxygen from the a...
	Interpretation of DO profiles requires knowledge of their spatial and temporal variability. Horiz...
	Temporal variability that may occur on a diurnal basis also must be considered before interpretat...
	Dissolved Oxygen in the Epilimnion

	DO concentrations in the epilimnion of Walden Pond generally were in equilibrium with oxygen in t...
	Dissolved Oxygen in the Metalimnion

	Unlike the epilimnion, the metalimnion is isolated from the atmosphere by the thermocline during ...
	Plants respire continuously through light and dark periods, but conduct photosynthesis only durin...
	�. (6)

	Net ecosystem production in the metalimnion as determined from changes in DO includes any contrib...
	Given the possibility of independent rates of photosynthesis and respiration that could occur, co...
	A conceptual model was formulated during this investigation that metalimnetic DO was controlled b...
	106 CO2 + 16 NO3 + HPO42- +122 H2O + 18 H+
	+ trace elements and energy
	=(C106 H263O110N16P) + 138 O2. (7)


	According to the conceptual model, plant growth in the spring in the metalimnion exhausts availab...
	External sources of nutrients from, atmospheric deposition, and swimmers—enter the lake primarily...
	The conceptual model described here is consistent with available data, but has not been verified ...
	Dissolved Oxygen in the Hypolimnion

	During stratification, DO decreases in the hypolimnion, where bacterial respiration dominates, in...
	Conductance, pH, Nitrogen, Phosphorus, Iron, Manganese, and Internal Nutrient Recycling

	Conductance varied during the investigation from 83 to 92 mS. These relatively low values are ind...
	Measured pH varied from about 6.5 throughout the water column during winter and spring mixing to ...
	The cycling of N, P, Fe, and Mn is affected by a combination of thermal stratification, and by pl...
	Measurements of N in the water column were analyzed as total combined organic-and-ammonia (NH3) N...
	P was measured as total P and as total dissolved P (fig. 21). The total P--total-dissolved P coup...
	The N to P ratio for annual input of nutrients, as�previously stated, was 59. Comparison with the...
	The interaction of N, P, Fe, and Mn with DO and the effects of temperature stratification were ap...
	The ratio of S to Fe is thought to determine the�relative availability of Fe for interaction with...

	Analysis of the concentration profiles in figure 22 also indicates the degree to which internal c...
	Nutrient recycling in Walden Pond at the end of stratification may be greater than recycling that...
	Historical and Between-Lake Trophic Assessments

	The relations between plant growth and cycling of water-column chemical constituents can be used ...
	Trophic State from Water-Column Assessment

	Trophic state can be measured on the basis of DO consumption in the hypolimnetic water during str...
	Investigators have computed HOD in various ways to determine actual, absolute, relative, apparent...
	The degree of interconnectedness among the three basins of Walden Pond must be considered in the�...
	The May through July HOD values computed during the 3 years of biweekly monitoring and addi�tiona...
	HOD and variation in development of HOD are indicated by hypolimnetic DO content plotted with tim...
	Historical Dissolved-Oxygen Profiles

	Historical DO profiles from Walden Pond provide an indication of how nutrient cycling and trophic...
	Historical changes in HOD can be estimated from a few historical DO profiles available for Walden...
	According to the analysis described above, HOD has doubled since 1939, which implies that histori...
	If HOD could be reduced to the rate present in 1939 so that DO was not exhausted in the final wee...
	Comparisons of Dissolved Oxygen Among Lakes

	Simple comparison of DO profiles among lakes indicates the consequences of the variability in HOD...
	Trophic Stability

	Walden Pond may have become more eutrophic since 1939, but the water still is clear and the lake ...
	Other kettle-hole lakes in eastern Massachusetts have degraded episodically in water quality. In ...
	The consequences of eutrophication, present in Cliff Pond and Ashumet Pond, likely could be preve...
	On the basis of plant biomass alone, the stability of the present trophic condition of Walden Pon...
	Without further investigation, the role, mechanism, and, thus, the stability of Nitella for maint...
	Trophic Ecology and Management Options

	At present, the water quality of Walden Pond appears to be desirable and may not require manageme...
	Concerns about desorption of P from the aquifer can be addressed by monitoring ground water in th...
	Other concerns about delayed effects of current nutrient loads, water-quality instability, and Ni...
	If nutrient input can not be decreased, management efforts could concentrate on prevention of oth...
	Continued monitoring of HOD, and the amount and distribution of Nitella would be useful with or w...
	SUMMARY AND CONCLUSIONS

	Walden Pond, the deepest lake in Massachusetts, has historical, naturalistic, and limnological im...
	The ground-water contributing area (621,000�m2) of Walden Pond was determined from water-table in...
	A water balance for Walden Pond, used to derive�a nutrient budget, was based on average annual co...
	Walden Pond contributing area excludes nearby potential sources of nutrients to the lake from a l...
	Walden Pond has become more eutrophic in this century and loses dissolved oxygen in deep water th...
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